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Chapter I: 
General Introduction 
 2 
During the last couple of decades, the need for development of new energy production 
technologies which are cleaner for the environment and more sustainable (less waste) became 
a major topic of research all over the world. 
Therefore a huge amount of investments were done into research on solar, wind, biomass 
and hydrogen production between which the Mem-Brain project from the Helmholtz Allianz 
in Germany. The aim of this project is to reduce CO2 emissions and increase efficiency of 
coal fired power plants using membrane technology. The major problem of solar and wind in 
the storage of energy. On the contrary Biomass uncovers ethics problems as biomass is 
composed of plants which are necessary to the balance of the world. 
 
The idea behind fuel cells is to use hydrogen as a fuel and convert chemical energy into 
electrical energy. A “clean” fuel cell process is Solid Oxide Fuel Cells (SOFC) because no 
non-usable waste is produced and through heating of the cell, it can easily be recharged for a 
very long time. 
Actual developed fuel cells are efficient only at high temperatures, and based on (La, 
Sr)MnO3 (LSM) or (La, Sr)(Co, Fe)O3 (LSCF) as a cathode material, Yttria Stabilized 
Zirconia (YSZ) as electrolyte and a cermet YSZ/Ni as anode. They work typically at 
temperatures between 973K and 1300K and use expensive materials as Lanthanum Chromite 
as interconnector. SOFC working at temperatures between 873K and 973K are on the verge 
of commercialization with stainless Steel as interconnectors. 
 
It is necessary to find new materials for the cathode, as well as the electrolyte which are 
good oxygen conductors as well as very stable in oxidative and carbonated atmospheres. A 
large amount of research and developments were made during the last 10 years using 
Gadolinium doped ceria (CGO) or (Ba, Sr)(Co, Fe)O3 BSCF as a cathode material, but these 
materials present a strong carbonatation and degradation at elevated temperatures. 
 
Another way would be to reduce the thickness of the electrolyte to a few atomic layers to 
decrease the diffusion length. Cathode materials used up to now are basically complex 
oxygen deficient perovskites presenting a high number of vacancies which enhance the 
movement of oxygen atoms through a vacancy mechanism, but this oxygen transport 
involves production of electrons to compensate the charge.  
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Oxygen conducting membranes are an innovative field of application of Mixed Ionic 
Electronic Conductors (MIEC) for which interest is increasing nowadays. In this application, 
pure oxygen can be produced from air by separation through such a membrane. The oxygen 
conduction is driven by a gradient in the oxygen partial pressure. This oxygen conduction 
through the membrane requires the presence of oxygen vacancies on the oxygen sublattice 
and/or interstitial oxygen atoms. In these conductors, electron and electron holes have as well 
a non-negligible part in the conduction process. This permeation process is highly selective 
and can be separated in several steps: 
1- surface process on the feed side where the oxygen atoms from the gas phase 
should uptake electrons and fix themselves into vacancies and/or interstitials  
2- the bulk ionic diffusion to the  permeate side through bulk diffusion counter-
balanced by the electronic transport in the opposite direction 
3- the oxygen ions release their electrons and associates to form oxygen molecules 
on the permeate side. 
To ensure the constancy of the partial pressure gradient, the oxygen produced on the 
permeate side is pumped away. This membrane technology can be also envisaged for 
separations such as hydrogen, methane and CO2. 
 
For these applications, a stability of the MIEC is required under high temperature (most 
of the processes are applied at temperatures around 1100K) as well as under CO2-containing 
atmosphere or oxidizing conditions. 
 
La2NiO4+δ is a good candidate as both cathode material in SOFCs and membrane for 
oxygen separation. The crystallographic structure of La2NiO4+δ is a layered structure of type 
K2NiF4 which consists of a stacking of perovskite layers LaNiO3 and Rock salt layers “LaO”, 
its main particularity is that at its ground state, the material possesses interstitial oxygen in 
the rock-salt layer which are responsible of an over-stoichiometry. The thermal expansion 
coefficient (TEC) is rather low as thermal expansion due to agitation is compensated by 
shrinkage of the cell due to the lowering of the amount of interstitial atoms. The TEC is in the 
order of magnitude of conventional electrolytes (YSZ, CGO). This property was used in 
several applications and gives it a rather high stability compared to most oxides at high 
temperatures, as defects do not hinder the regular lattice. This gives La2NiO4+δ or more 
generally K2NiF4-structured oxides oxygen diffusivity and exchange rates higher than 
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conventional perovskite materials. It has been used as a cathode material for several fuel cells 
working at intermediate temperatures and is envisaged as membrane material for oxygen 
separation. A fuel cell with La2NiO4+δ as been patented in 2006 and will be soon available on 
the market. 
 
The scope of this thesis is to study stability at high temperatures and anisotropic diffusion 
in La2NiO4+δ single crystals. We first grown single crystals using the floating-zone method 
and characterize their bulk (as powder sample) and surfaces through several techniques (X-
Ray diffraction, Microscopy, Neutron diffraction, Thermal Gravimetric Analysis) (Chapter 
III). After orientation and preparation of oriented slices, we studied the influence of the 
anisotropy of the structure on the stability of these single crystals at elevated temperature 
(Chapter IV) and finally characterized the influence of anisotropy on oxygen diffusion at 
temperatures in the range 573-1173K by different mass spectrometry techniques (Chapter V). 
 
Chapter II will make a short overview on basic concepts on Mixed Ionic Electronic 
conduction, defect chemistry, reaction and diffusion of matter in the solid state with a focus 
on surfaces and anisotropy. The work previously done and published on Perovskites, 
La2NiO4+δ and related higher Ruddlesden-Popper phases will be shortly reviewed. In this 
chapter the experimental methods used during this work will be also shortly introduced. 
 
All of this will be followed by a short conclusion and hints on further studies that should 
be done to fortify the results of this work. 
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Chapter II: 
Introduction 
 6 
II.1) Theoretical aspects: 
 
1- Transport in solids: 
 
Conduction of charge in a material can occur through either electrons or ions. Many ceramics 
possess both carriers and are called mixed conductors. Materials presenting no significant 
conduction are insulators. 
Total conductivity can be expressed as follows: ∑ ⋅⋅⋅==
i
iii eZn µρ
σ
1
  (2.1) 
where σ is the total conductivity; r the resistivity; µi is the mobility of the charge carriers, Zi 
their charge and ni the quantity of charge carriers; e the charge of an electron 
 
1.1- Electronic conductivity: 
 
When electrons and/or holes are the only charge carriers, conduction occurs only through 
displacement of these, like in metals.  
Following the Drude theory [1]:
m
en
e
τ
σ
⋅⋅
=
²
     (2.2) 
where n is the number of charge carriers per unit volume, m mass of an electron and τ the 
average time between two collisions. 
 
This metallic conduction occurs when the highest occupied energy level (HOMO) is close to 
the lowest unoccupied orbital (LUMO) and electrons can be considered delocalized. 
Conduction of electricity occurs through an overlapping of the valence orbitals of the different 
metal atoms and electronic mobility decreases with increasing temperature (due to phonon 
scattering). 
 
The discovery of high temperature superconductivity (HTS) in the lanthanum and barium 
cuprates in the 1980’s lead to the start of interest in the lanthanum nickelates as it exhibits a 
similar layered structure. Superconductivity is related to delocalization of electrons moving 
cooperatively according to the BCS theory [2]. Under a certain critical temperature (Tc) there is 
no resistance to the flow of current. As this theory stipulates the highest Tc possible to be 30K 
it does not fit to high Tc superconductors and the reason of HTS still not clear up to now. 
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Semiconductivity is characterized by a band gap which is representing the energy 
difference between the HOMO and LUMO. Intrinsic semiconductors are characterized by 
their Fermi level which is halfway between the HOMO and LUMO. The number of electrons 
involved in the conduction process is highly dependant on temperature. When doped by 
impurities energy states in the band gap are added, changing the position of the Fermi level 
(EF) forming extrinsic semiconductors. If the impurity levels are close to the HOMO we have 
a p-type semiconductor (acceptor doped) and if the impurity levels are close to the LUMO we 
have an n-type semiconductor (donor doped). 
The density of carriers in a semi-conductor is expressed according to the Fermi 
equation: 
1exp
1
1
+





⋅
−
==−=
−
+−
Tk
EEV
n
ff
B
F
e
he
      (2.3) 
 
In an insulator, the gap between HOMO and LUMO is so large that it’s nearly 
impossible for an electron to hop in the conduction band. Another name for these compounds 
is dielectric materials as, in the presence of an electric field, these materials gain a polarization 
which is a vector representing the number of charge per unit of volume. 
EP ⋅⋅= 0εχ          (2.4) 
where ε0 is the permittivity constant, χ is the dielectric susceptibility which is related to the 
dielectric constant εr by the following equation 1+= χε r  
 
1.2- Ionic Conductivity: 
 
Ionic conduction can occur in both crystalline and amorphous materials. Anions as well as 
cations can carry the ionic current. Materials presenting high ionic conductivities can be solid 
electrolytes or fast ionic conductors. The conductivity of the material is related to the movement of 
ions from one or both of the sublattices (anionic and cationic). Ion conductors have various 
technological applications like fuel cells, batteries, separation membranes and electrochromic 
devices. 
Ionic conduction is thermally activated and requires the presence of free sites for hopping 
of ions (vacancies). In fact, increased temperature increases the vibration of atoms, as well as the 
defect (vacancy) concentration, there is therefore a higher probability of hopping of an atom in a 
vacancy at higher temperature. 
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∑ ⋅⋅⋅=
i
iiiion ceZ µσ         (2.5) 
where Zi is the effective charge and ci the concentration of defects of each type. 
 
This mobility is dependant on temperature and migration enthalpy Hm 

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B
mexp0µµ         (2.6) 
At low temperature (extrinsic region) the conductivity depends mainly on dopant 
concentration as well as the induced vacancy concentration and their mobility. Whereas at 
higher temperatures (intrinsic region), the vacancy formed through thermal activation have to 
be taken into consideration. 
 
1.3- Mixed ionic-electronic conduction: 
 
Mixed ionic-electronic conductors are materials presenting both characters of conduction 
(ionic and electronic) and these happen simultaneously. The mobile ionic as well as electronic 
defects are usually introduced through thermal excitation or deviation from stoichiometry. 
These materials are of huge interests for the following applications: electrodes in fuel cells, 
oxygen sensors, selective membranes… In these mixed conductors, relatively open structures 
with partial occupancies of ion sites, like in perovskite structure are required. 
 
2- Basics of defect chemistry: 
 
2.1- Point defects formation: 
 
In an ideal crystal every regular atomic site is occupied, interstitial sites are vacant and 
the structure is periodic in every direction, this is only the case at 0K. In a real crystal, defects 
formation is an entropic favored process. When the temperature rises, the defect 
concentrations increases. Defects can occur due to an increase of the entropy of the crystal 
(intrinsic point defects) or to balance the presence of an impurity (extrinsic point defects). One 
or several defects can have an influence on neighboring atoms making extended defects. 
The vacancy concentration is increasing with temperature through an Arrhenius relation: 


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
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⋅
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v exp         (2.7) 
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with Nv number of vacancies, N number of sites and Ef formation energy of a vacancy 
When a vacancy is forming into a perfect crystal, the enthalpy (HV) will increase due to 
Ef and the entropy (SV) will increase as well due to a configuration term. In equilibrium, the 
free Gibbs energy possesses a minimum for xV vacancies at temperature T. 
B
V
B
V
k
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Tk
H
V eex ⋅=
⋅
−
         (2.8) 
In a similar manner the fraction of interstitial is B
V
B
I
k
s
Tk
H
I eex ⋅=
⋅
−
  (2.9) 
 
2.2- Point defects: 
 
interstitial
Substitutional
impurity
Vacancy
Anti-site defect
Impurity Cation Anion
Interstitial
impurity
Frenkel 
defect
Schottky 
defect
 
Figure 2.1: The different types of intrinsic and extrinsic point defects 
 
We can make distinction between two types of point defects: 
Extrinsic defects are Impurities (foreign atoms) sitting on a lattice or interstitial site.  
 
Intrinsic defects are present in every material at T > 0K and of three different types: 
 
Schottky defects consist of the association of one vacancy on each sub-lattice. 
For N lattice sites and nS schottky pairs: we have nS anion vacancies and nS cation vacancies, 
the amount of Schottky defects at equilibrium are given by: 
B
S
B
S
k
S
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H
S eeNn
⋅⋅⋅
−
⋅⋅= 22        (2.10) 
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Frenkel defects associates a vacancy on the regular sub-lattice and an interstitial.  
Their amount at equilibrium is given by: 
B
F
B
F
k
S
Tk
H
IF eeNNn
⋅⋅⋅
−
⋅⋅⋅= 22        (2.11) 
with NI number of interstitial sites in the volume 
 
Anti-site defects occur in ordered alloys when an ion from one sub-lattice site sits on the other 
sub-lattice. 
 
Point defects are described using the Kröger-Vink notation 
 X is the element (V for Vacancy, O for Oxygen and A for A atom) 
P is the position (X for regular site (A on A site, O on O site), I for interstitial 
site, A for O on A site and O for A on an O site) 
C is the relative charge (• for positive, ' for negative, X for neutral) 
 
2.3- Extended defects: 
 
1 dimension (Linear defects) 
Edge dislocation Screw dislocation  
Dislocations are caused by the termination of a plane of atoms in the middle of a crystal. 
They are two types of dislocations: screw dislocations and edge dislocations which are defined 
by their Burgers’ vector. 
 
 
 
 
 
 
 
X
C
P
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2 dimensions (Plane defects) 
Stacking Fault
La
3
Ni
2
O
7-δ [110]1 nm
Stacking Fault
Grain Boundary
5 nm La2NiO4
La3Ni2O7 [110]
Phase boundary
Twin boundary
 
- Grain boundaries occur where the crystallographic direction of the lattice abruptly changes. 
This commonly occurs when two crystals begin growing separately and then meet.  
- Phase boundaries occur when the crystallographic direction remains the same but each side 
of the boundary has a different phase.  
- The surface of a crystal is an obvious imperfection, because surface atoms have a different 
coordination than those deep in the crystals. 
- Twins are portions of the crystal which are images in a mirror (often happening in 
orthorhombic or tetragonal structures). 
- Stacking faults occur in a number of crystal structures and are a one or two layer interruption 
in the stacking sequence. 
 
3 dimensions (bulk defects) 
- Voids are small regions where atoms are absent. 
- Impurities can cluster together to form small regions of a different phase. These are often 
called precipitates. When a significant fraction of the original particles are replaced by 
impurities, a solid solution or a second phase can form. 
 
2.4 Defect modeling of La2NiO4+δ: 
 
We will consider in the following anti-site defects to be negligible and electronic defects to 
be [ ] [ ]'' eNiNi = and [ ] [ ]•• = hNiNi . 
The non-stoichiometry is [ ] [ ] [ ]••−+= OIOIO VOO '''δ     (2.12) 
The following defect reactions are considered: 
Schottky defects: 
[ ] [ ] [ ] [ ] [ ] [ ]
surfaceONiLa
X
O
X
Ni
X
La NiOLaVVVONiLa 42
''''' 4242 +++=++ ••    (2.13) 
 12 
[ ] [ ] [ ]
[ ] [ ] [ ]42
4''2'''
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K surface
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⋅⋅⋅
=
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       (2.14) 
Frenkel defects:  
[ ] [ ] [ ] [ ]•••+=+ ICLaXICXLa LaVVLa '''   [ ] [ ][ ] [ ]XICXLa
ICLa
FLa
VLa
LaV
K
⋅
⋅
=
•••'''
   (2.15) 
[ ] [ ] [ ] [ ]••+=+ ICNiXICXNi NiVVNi ''    [ ] [ ][ ] [ ]XICXNi
ICNi
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NiV
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⋅
⋅
=
••''
   (2.16) 
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Disproportionation of Nickel: 
[ ] [ ] [ ]'2 NiNiXNi NiNiNi += •     [ ] [ ][ ]2
'
X
Ni
NiNi
Ni
NiNi
Kd
⋅
=
•
   (2.18) 
O incorporation: 
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Site balance: 
[ ] [ ] 2''' =+ LaXLa VLa          (2.22) 
[ ] [ ] [ ] 1=++ ••••• XICICIC VNiLa         (2.23) 
[ ] [ ] 4=+ ••OXO VO          (2.24) 
[ ] [ ] [ ] [ ] 1''' =+++ • NiNiNiXNi VNiNiNi        (2.25) 
[ ] [ ] [ ] 2''' =++ XIOIOIO VOO         (2.26) 
Electroneutrality: 
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]•••••••• +++=++++ NiICOICINiNiILa NiNiVLaONiVOV 223223 '''''''''   (2.27) 
With these equations it is possible to determine the concentrations of each defect as a function 
of pO2, T and the total pressure. Usually assumptions are made in order of majority and 
minority defects to simplify the calculations and temperature as well as total pressure are 
fixed.  
 13 
An approximation will be made considering Schottky defects to be equally distributed on both 
cation sublattices, therefore equation 2.14 becomes: 
[ ] [ ]
[ ] [ ] [ ]42
43
42
X
O
X
Ni
X
La
NiOLaOC
S
ONiLa
aVV
K
surface
⋅⋅
⋅⋅
=
••
       (2.14’) 
with [ ] [ ] [ ]CNiLa VVV == '''''  
We will as well consider cationic Frenkel defects to be always minority defects and therefore 
equations 2.25 becomes [ ] [ ] [ ] 1' =++ • NiNiXNi NiNiNi      (2.25’) 
Considering both 'IO  and 
''
IO  being very complicated, we will consider them independently in 
two different models (I: only 'IO  and II: only
''
IO ). For both models: [ ] [ ]•∝ NiNi Ni
Ni
1' , 
[ ] [ ] [ ] [ ] [ ]••••• =∝== ICICCNiLa NiLa
VVV
1
2
1''''' and for low δ, we can consider dilute defects and 
therefore: [ ] 2≈XLaLa , [ ] 1≈XICV , [ ] 4≈XOO , [ ] 1≈XNiNi , [ ] 2≈XIOV and 142 =surfaceNiOLaa  
 
Model I: 
Equations to be considered: 2.14’, 2.15-2.20, 2.22-2.24 and 2.25’ as well as the two following 
equations: 
[ ] [ ] 2' =+ XIOIO VO          (2.26’) 
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]•••••••• +++=+++ NiICOICIONiNiLa NiNiVLaONiVV 22323 '''''''    (2.27’) 
We have to consider 3 limiting cases: 
- low pO2: EN ï [ ] [ ]••= ONi VNi 2'    δ<0 
- medium pO2: EN ï [ ] [ ]••= OIO VO 2'   δ≈0 
- high pO2: EN ï [ ] [ ]•= NiIO NiO '    δ>0 
 
Regime 1: low pO2: [ ] [ ]••= ONi VNi 2'       (2.28) 
according to 2.22 and 2.23’ we obtain [ ] ( ) 613132
2
−−•• ⋅⋅= OOXO pKKdV   (2.29) 
therefore [ ] ( ) 6131311
2
2 OOXNi pKKdNi ⋅⋅⋅=
−•       (2.30) 
replacing in 2.24’, we obtain [ ] ( ) 31´313121' 22 OOXOIIO pKKdKO ⋅⋅⋅⋅= −
−
  (2.31) 
From 2.14’ and 2.29 [ ] ( ) 92949831031
2
2 OOXSC pKKdKV ⋅⋅⋅⋅=
−
    (2.32) 
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Regime 2: middle pO2: [ ] [ ]••= OIO VO 2'      (2.33) 
according to 2.19 and 2.20 [ ] ( ) 31313113
2
2
2 OOXOINi pKKNi ⋅⋅⋅=
−•    (2.34) 
this gives: [ ] ( ) 61313213
2
2
2 OOXOIO pKKV ⋅⋅⋅=
−••      (2.35) 
This is non-sense as according to equation 2.19, increasing pO2 leads to a decrease of [ ]••OV , 
this regime can be therefore excluded 
 
Regime 3: high pO2: [ ] [ ]•= NiIO NiO '       (2.37) 
according to 2.20 [ ] [ ] ( ) 412112
1
'
2
2 OOINiIO pKNiO ⋅⋅==
•     (2.38) 
using 2.19 [ ] 131 2 OIOXO KKV ⋅⋅= −••        (2.39) 
From 2.14’ and 2.39 [ ] 343413
2
3
1
2 OXOISC KKKV ⋅⋅⋅=
−−      (2.40) 
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Figure 2.2: Brouwer diagram of La2NiO4+δ only considering O
- as interstitial species. 
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Model II: 
Equations to be considered: 2.14’, 2.15-2.19, 2.21-2.24, 2.25’ as well as the two following 
equations: 
[ ] [ ] 2'' =+ XIOIO VO          (2.26’’) 
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]•••••••• +++=+++ NiICOICIONiNiLa NiNiVLaONiVV 223223 ''''''''    (2.27’’) 
We have to consider 3 limiting cases: 
- low pO2: EN ï [ ] [ ]••= ONi VNi 2'    δ<0 
- medium pO2: EN ï [ ] [ ]••= OIO VO ''    δ≈0 
- high pO2: EN ï [ ] [ ]•= NiIO NiO ''2    δ>0 
 
Regime 1: low pO2: [ ] [ ]••= ONi VNi 2'       (2.28) 
All defect concentrations except [ ]''
IOO  are the same as in model I 
replacing in 2.25’, we obtain [ ] ( ) 61´323212'' 22 OOXOIIO pKKdKO ⋅⋅⋅⋅= −
−−   (2.41) 
 
Regime 2: middle pO2: [ ] [ ]••= OIO VO ''       (2.42) 
according to 2.19 and 2.21 we obtain: [ ] [ ] 21212'' 2 −•• ⋅⋅== OXOIIOO KKOV   (2.43) 
from 2.21 [ ] ( ) 41414112
1
2
2 OOXOINi pKKNi ⋅⋅⋅=
−•      (2.44) 
2.14’ and 2.43 gives [ ] 32322231 2 OXOISC KKKV ⋅⋅⋅= −      (2.45) 
 
Regime 3: high pO2: [ ] [ ]•= NiIO NiO ''2       (2.46) 
according to 2.21, [ ] ( ) 613123
1
''
2
2 OOIIO pKO ⋅⋅=
−
     (2.47) 
using 2.19 we can determine [ ] ( ) 613223
41
2
2 −−•• ⋅⋅⋅= OOIOXO pKKV    (2.48) 
Finally 2.14’ and 2.48 gives [ ] ( ) 92349829
14
3
1
2
2 OOXOISC pKKKV ⋅⋅⋅⋅=
−    (2.49) 
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Figure 2.3: Brouwer diagram of La2NiO4+δ only considering O
2- as interstitial species. 
 
For higher values of δ, the approximations [ ] 1≈XNiNi and [ ] 2≈XIOV are not anymore valid and 
we have to consider the full system with [ ] [ ]•−= NiXNi NiNi 1  for high pO2 and [ ] [ ]'1 NiXNi NiNi −=  
for low pO2 as well as [ ] [ ]'2 IOXIO OV −= or [ ] [ ]''2 IOXIO OV −=  whether we consider 'IOO or ''IOO  
respectively. See Annex A for the partial development. 
 
Considering these two models, we can conclude that at low pO2, as there are only a few 
interstitials, if even present, the charge of these interstitials does not affect the other defect 
concentrations at all.  
In the first model the material is stoichiometric only at one single pO2 and does not possess a 
middle pO2 regime, this was not yet cleared experimentally. 
A more complicated behavior is observed at high pO2 when both kinds of oxygen interstitials 
may be present. It is important to notice that the major difference is that the presence of 'IOO  
interstitial ions will lead to a leveling of both oxygen and cation vacancy concentrations. 
Therefore we can suggest that there is a high probability to have only ''IOO  as interstitials for 
low δ, suggesting that, if present, 'IOO  interstitial species appear only for high values of δ. 
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3- Stability and reactivity of oxide surfaces: 
 
3.1- Anisotropy of the surface energy of a crystal: 
 
A surface can be defined as the outmost boundary of a solid. They can be considered as 
an extended defect. A surface can be characterized by its crystallographic orientation in case 
of a single crystal, its surface energy and its termination. In solids, the surface is always less 
energetically favorable than the bulk. 
The easiest microscopic model would be to consider a surface to be flat at the atomic 
level with atom distances identical as in the bulk, but this is never possible experimentally and 
is idealized as surfaces always present reconstruction or relaxation. Point defects on a surface 
are vacancies and adatoms. The structure of a surface changes as soon as temperature is raised 
and kinks, terraces and roughening are appearing as shown on figure 2.4. 
TerraceKink
AdatomLedgeVacancy
 
Figure 2.4: scheme of the possible defects on a surface 
 
In equilibrium, surface morphology is determined by the anisotropy of the surface 
energy which is the energy necessary to split a piece of crystal in 2 halves in vacuum and 
therefore equal to half of the cohesion energy of the bulk of the same crystal in the same plane. 
This cohesion is anisotropic in crystalline solids due to the fact that different crystallographic 
surfaces have different bond strength and repulsive energies between the atoms they are 
composed of.  
 
Surfaces with a higher density of broken bonds will display higher energy; therefore 
one can assume the surface energy to be function of the normal to the surface N  and for any 
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element of the surface dA equal to dAN ⋅)(γ . The shape of a single crystal in thermodynamic 
equilibrium is the shape that minimizes the total surface free energy E 
∫ ⋅= dANE )(γ         (2.50) 
In an isotropic material this shape will be a sphere, whereas for anisotropic crystals 
crystallographic planes with low energies will be exposed and formed preferentially. The 
equilibrium shape of a crystal is given by the Wulff construction assuming that the rate of 
growth in one direction is simply proportional to the surface energy of the plane it is the 
normal of.  
A vicinal surface is a surface cut with a small angle relative to a low Miller indices 
surface making its surface displaying terraces separated by steps of one or a few atomic layers. 
The energy of this kind of surface is the sum of the surface energies of the terraces and the 
steps. 
 
3.2- Transfer at a gas solid interface and surface stoichiometry of oxides: 
 
In the bulk, the stoichiometry of an oxide is dependant mainly on the temperature 
whereas, at the surface, different point defects may have different concentrations than in the 
bulk as the stoichiometry is also dependant on the composition of the surrounding atmosphere. 
If the major defect is charged, charge compensation in the near-to-surface region has to be 
realized by the formation of space-charge zones. 
 
The process of oxygen incorporation from the gas phase into the solid bulk involves 
chemisorption of O2 at the surface, splitting in two oxygen adatoms, charge transfer and 
reaction with oxygen vacancies. At equilibrium, the fluxes in ( gasin cJ ⋅ ) and out ( surfout cJ ⋅ ) of 
the sample surface are equal in value and opposite in sign. The flux through the surface 
( surfoutgasin cJcJ ⋅−⋅ ) is null. In the transient state at each time t, the flux ( )surfgasS cckJ −⋅= *  
should be equal to the diffusional flux at the surface coming from the bulk 
( )surfaceD cDJ ⋅⋅∇−= *  due to the continuity equation where k* is the surface exchange 
coefficient and D* the bulk oxygen self-diffusion coefficient. 
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3.3- Desorption, adsorption and surface diffusion: 
 
Desorption and adsorption are happening at surfaces to lower their free energy. Their 
kinetic follow the same rate equation and for an energetically homogeneous surface: 
νν θθ
θ
⋅−−⋅⋅=−= dada kpkrr
dt
d
)1(      (2.52) 
where θ is the coverage of the surface by the adsorbate, p the partial pressure of the adsorbed 
gas and ν the reaction order. 
Adsorption can take place through 2 different ways: chemisorption and physisorption. 
The basic difference between these two types of adsorption is the binding energy of the 
adsorbate on the surface, covalent and ionic bond formation will be regarded as chemisorption 
whereas physisorbed species are bonded through weak Van der Waals interactions. 
On heterogeneous surface, different adsorption sites with different energies have to be 
considered, therefore a diffusion from the highest energetic site to the low energy site is taking 
place; This mechanism is called surface diffusion.  
  
3.4- Morphological stability and crystal growth: 
 
A crystal is usually growing by consuming matter from its environment which is 
usually supplied by diffusion from a molten (liquid) phase or a gas or even a solid powder 
(sintering). Growth is a thermodynamically irreversible process where surface free energy is 
reduced. A crystal morphology is determined by the collaborative effect of growth kinetics 
and diffusion. Growth usually needs a germ to be able to start. This germ is produced through 
a process called nucleation. This nucleation is a slow process compared to the growth of the 
crystal itself.  
Nucleation is favored when the change of free energy per unit volume is negative, i. e. 
when the energy gained by creating a new volume is higher than the energy necessary to 
create a new interface.  
intENG +∆⋅=∆ µβ         (2.53) 
where Nβ is the number of molecules in the new phase and Eint is the interfacial energy 
between the 2 phases. 
We can define the critical radius r* as the radius where ∆G is maximum, below this 
size, the nucleus is unstable and will vanish. 
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When the radius of the nucleus is higher than r*, growth will take place at a rate equal 
to: Tk
rGE
B
diff
eConst
dt
dr ⋅
∆−
−
⋅=
*)(
         (2.54) 
where Ediff is the activation energy necessary for an atom to diffuse from the 
environment to the nuclei. The rate determining step can be diffusion or interfacial reaction. A 
diffusion limited growth is always leading to anisotropic growth. 
 Ostwald’s rule of steps stipulates that a polymorph will crystallize in the next 
metastable phase rather than directly in the most stable phase. 
 
During growth, morphological instability can appear leading to cellular, dendritic or 
whisker formation. These instabilities are mainly linked to defect formation energies 
(especially vacancies, dislocations and higher dimensional defects). Therefore growth can be 
considered as a non-equilibrium process microscopically but in local equilibrium 
macroscopically. In a macroscopic way, irreversible thermodynamics apply and the surface 
has to be considered boundary condition of the transport equation ruling the diffusion of 
matter from the bulk to its surface during the growth process with respect to the time 
dependence of its geometry. 
 
4- Diffusion: 
 
4.1 – Diffusion mechanisms 
 
Diffusion and mass transport in crystalline solids needs defects by which the ions are 
mobile. There are 4 main mechanisms: 
Vacancy mechanism Interstitial mechanism Interstitialcy mechanism Exchange mechanism  
Vacancy diffusion is the most common diffusion mechanism, an ion which occupies a 
regular lattice site jump to an adjacent unoccupied site, so that it exchanges his site with a 
vacancy. 
Interstitial diffusion: Interstitial ions jump to another interstitial position.  
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Interstitialcy diffusion: an interstitial ion knocks an ion of the regular lattice into another 
interstitial position. 
Exchange diffusion: an ion from the regular lattice exchange position with another ion of 
the same lattice. 
 
4.2 – Diffusion coefficient and types of diffusion processes: 
 
Diffusion is characterized by a diffusion coefficient D which follows an Arrhenius 
evolution with temperature. 
There are two types of diffusion in solids:  
•   Tracer diffusion is a spontaneous mixing of physical or chemical difference with 
regular atoms taking place in the absence of any chemical gradient and is usually considered 
identical to self-diffusion. This type of diffusion can take place under equilibrium. 
• Chemical diffusion occurs in presence of a concentration (or chemical potential) 
gradient and results in a mass transport. This diffusion is always a non-equilibrium process 
increasing the entropy of the system while tending to equilibrium. 
 
4.3 – Governing equations 
 
These two diffusion processes are governed by Fick’s first law where J  is the flux of 
diffusing atoms (mass per unit area per unit of time), c∇ is the concentration gradient(molar 
amount per volume) and D the diffusion coefficient also called diffusivity (unit of area per unit 
of time).  
cDJ ∇⋅−=          (2.55) 
J  can be decomposed in 3 contributions according to the three space coordinates: 
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     (2.56) 
In isotropic medium this is reduced to the one dimensional equation: 
t
tM
Ax
c
DJ
∂
∂
=
∂
∂
⋅−=
)(1
        (2.57) 
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 where M(t) is the mass flux through the surface A at time t 
D is therefore a constant in case of steady-state diffusion. Diffusion studies are carried out in a 
non-steady-state regime and display a concentration profile depending on space and time, this 
can be represented schematically as follows in one dimension: 
 
A A
Jx J(x+∆x)
x∆  
t
c
∂
∂
 is the rate of accumulation into the volume element can be approximated as 
x
JJ xxx
∆
−∆+  
when 0→∆x  






∆
∂
∂
+−=−=∆
∂
∂
∆+ x
x
J
JJJJx
t
c x
xxxxx       (2.58) 
 This is equivalent to: xJ
xt
c
∂
∂
−=
∂
∂
       (2.59) 
using Fick’s first law (2.55) we can transform this to:  
²
²
x
c
D
x
c
D
xt
c
∂
∂
=





∂
∂
−
∂
∂
−=
∂
∂
         (2.60) 
or more generally: cD
t
c
²∇=
∂
∂
in isotropic media     (2.61) 
This differential equation has been studied and mathematical solutions depending on initial 
and boundary conditions were reported by Crank [3]. 
 
4.4 – Tracer diffusion: 
 
To follow the path of a single ion A, it is necessary to mark it. Often, these tracer ions 
are isotopes A* of atom A. In an ideal tracer diffusion experiment, the fraction of tracer xA* is 
negligible compared to the molar fraction of defects.  
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4.5 -Anisotropic diffusion and effect of a small disorientation of the sample in 
regards to the major axis of diffusion: 
 
In case of an anisotropic media, diffusion is usually anisotropic as well. Furthermore, 
experimentally cutting a sample, perpendicular to a crystallographic direction leaves a surface 
which is not atomically perfect and can have a small disorientation angle θ with the desired 
ideal plane. In the following pages, we will study the effect of a small disorientation angle on 
the diffusion profile and particularly on the determination of the slow diffusion coefficient. 
 
The flux of diffusion perpendicular to the surface of the sample (what we measured 
experimentally) can be expressed as in equations 2.56: 
Another way to express it is c
DDD
DDD
DDD
J
zzzyzx
yzyyyx
xzxyxx
∇⋅










−=     (2.62) 
in tetragonal system this is equivalent to c
D
D
D
J ∇⋅










−=
⊥00
00
00
//
//
  (2.63) 
when considering the crystallographic axes (a,b,c) as the basis [x,y,z] where ⊥D  represents the 
diffusion perpendicular to the (ab) plane and //D  diffusion in the (ab) plane. 
 
Figure 2.5: Scheme of the effect of a disorientation angle θ with the main axes 
In the [x',y',z'] system , the flux can be expressed as: 
u
DJ
cu
∂
−= ∂*)()( θθ   (2.64) 
c 
axis 
a 
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θ 
θ 
zJ
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xJ
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u 
x 
y = y’ 
z 
x’ 
z’ 
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with u
r
 having coordinates [x',y',z'], and )(θD = 




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




zzzyzx
yzyyyx
xzxyxx
DDD
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DDD
 is the diffusion tensor. 
We can consider a rotation around y as diffusion properties are isotropic in the (ab) plane 
therefore y=y' and  0==== yzzyxyyx DDDD  
This gives: u
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The relationship between the two systems can be expressed as follows: 
JRJ ⋅=)(θ           (2.66) 
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Let us consider that we are measuring diffusion in the [001] direction and ⊥>> DD// . In the 
[x',y',z'] basis, the diffusion equation is equivalent to : 
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If θ  = 0: the surface of the sample is the plane (001) and its normal is therefore [001] 
x=x', y=y' and z=z' 
Therefore: 
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When measuring in the direction [001], therefore J=Jz which is equivalent to a one 
dimensional problem with diffusion coefficient D⊥. 
 
If θ  ≠ 0:  
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To calculate the expected 18O diffusion profile, we have to solve the following diffusion 
equation: 
J
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∂
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         (2.76) 
 26 
         










∇⋅










+⋅⋅−
⋅⋅−+
−⋅∇−=
⊥⊥
⊥⊥
uC
DDDD
D
DDDD
θθθθ
θθθθ
²cos²sin0cossin)(
00
cossin)(0²sin²cos
////
//
////
r
 (2.77) 
u
u C
z
y
x
DDDD
D
DDDD
z
y
x
t
C
⋅
















∂
∂
∂
∂
∂
∂










+⋅⋅−
⋅⋅−+
















∂
∂
∂
∂
∂
∂
=
∂
∂
⊥⊥
⊥⊥
'
'
'
.
²cos²sin0cossin)(
00
cossin)(0²sin²cos
.
'
'
'
////
//
////
θθθθ
θθθθ
 (2.78) 
this is equivalent to the system: 
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The following boundary condition is applying: 
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We can consider the diffusion properties isotropic in the (ab) plane with                                
Deff = θθ ²cos²sin// ⊥+ DD  the effective diffusion coefficient measured from the sample with 
surface ≈ (001) in the z' direction. D// is determined from a measurement of the diffusion 
profile in the fast diffusion direction (perpendicular to the (100) surface). This partial 
differential equation cannot be solved analytically due to the mixed terms 
xz
tzxC
∂∂
∂ ),,(²
 and 
should be solved numerically using the finite difference method. 
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Finite difference method: 
 
The partial derivatives can be approximate as follows: 
t
C
t
tzxC
t ∆
∆
=
∂
∂
→∆
lim
0
),,(
        
with ∆t step in time and ∆C difference of concentration between 2 successive times 
We can therefore make the following approximations for small enough values of ∆t: 
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respectively, therefore the second derivative can be approximate 
as
)²(
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x
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∆
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In the following, concentration at coordinates (xi,zj) at time tn will be referred to as 
n
jiC ,  for 
more simplicity and ∆x, ∆z and ∆t will be respectively the steps in the different coordinates. 
Using central differences in time and space at point (xi,zj) at time tn+½ is called the Crank-
Nicolson method and gives the following development of the different partial derivatives: 
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The mixed term can be eliminated when considering diffusion in the system of the 
crystallographic axes [x,y,z] with the surface of the sample tilted of an angle q as shown in 
figure 2.x 
z
x
θ
)(tan max iij −⋅= θ
Jz’Jz
Jx
 
Figure 2.6: Definition of the simulation system  
 
The diffusion equation is expressed as: 
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We consider diffusion to be isotropic in the (ab)-plane, and therefore we can only consider the 
section at a certain y and equation 2.86 can be reduced to: 
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Using the partial differences explained earlier, equation 2.87 becomes: 
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This can be transformed to obtain the following equation for 1,
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The following boundary condition is applying at z'=0: 
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'zJ  can be transformed in the [x,y,z] system as: 
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According to 2.67, the boundary condition becomes: 
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This is equivalent to: 
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this equation should be verified for every discrete points satisfying the following conditions: 
)(tan max isijs −⋅= θ  
)(tan max isijs −⋅< θ  and jsisi ⋅≥−⋅ 5,0)(tan maxθ  
)(tan max isijs −⋅> θ  and jsisi ⋅≤−⋅ 5,1)(tan maxθ  
 
We should as well set the following boundary condition:  
For )(tan max iij −⋅< θ and jii ⋅<−⋅ 5,0)(tan maxθ , the points being in the gas phase, gas
n
ji CC =,  
at every time t, 
At time t=0, bgji CC =
0
, in the bulk and at the surface. 
 
This was then implemented using the Matlab® software and an example of simulation 
showing an increase of concentration at long distances is shown on the following figure. 
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The following parameters were used: 
dx = 2; %step in x in µm 
dz = 0.005; %step in z in µm 
Nz =400;% Choose the number of depth steps 
Nx = 400;% Choose the number of steps in x 
Nt = 800; % Choose the number of time steps 
dt = 0.5; %Length of each time step in seconds 
im = Nx; %Maximum value of x 
D1 = 38; %Diffusion coefficient in x in µm²/s 
D2 = 0.005; %Diffusion coefficient in z in µm²/s 
K = 2E-3; %  K is 4,5*10e-9 µm/s 
Cgas = 0.98000000; %  Concentration in gas 
Cs = 0.00230000;  
Cbg = 0.00230000; %  Background concentration in solid 
thet = 1.5*pi()/180; %  misorientation angle 
Cg = Cgas-Cbg; 
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Figure 2.7: Concentration profile at time 400s at x=(im/2)+tan(thet)*(j-1) and adjacent points 
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II.2) Literature survey: 
 
1 - The perovskite structure and its modifications: 
 
The general formula for a perovskite is ABO3 where A and B are cations. This crystal 
structure consists of BO6 octahedra sharing corners infinitely in all 3 directions. The A cations 
occupy every hole which is created by 8 BO6 octahedra. This provides it a 12-fold oxygen 
coordination, and the B-cation a 6-fold oxygen coordination. In the example shown below, 
(SrFeO3) the Sr atoms sit in the 12 coordinate A site, while the Ti atoms occupy the 6 
coordinate B site. There are many perovskite compounds for which the ideal cubic structure is 
distorted to a lower symmetry (e.g. tetragonal, orthorhombic, etc.) depending on their 
Goldschmidt factor. [4]-[5]. 
A large variety of oxygen deficient perovskite ABO3-δ exists with δ up to 1 ((LaNiO2 
[6], CaCuO2 
[7], SrFeO2 
[8] have infinite-layer perovskite structure). A lot of these structures 
presenting a high vacancy concentration (δ>0.15) can present vacancy ordered structures. A 
modification of the oxygen vacancy concentration can give ionic conductivity character to the 
structure, due to delocalization of vacancies all along the oxygen sublattice.  
As shown on figure 2.8, this perovskite structure can produce either ordered oxygen deficient 
(AnBnO3n-1) structures through reduction, oxygen rich phases by oxidation (AnBnO3n+1) and 
AB2O5 phases through addition of BO2.
 [9][13]. Intergrowth phases like A2BO4 are formed by 
intercalation of AO layers between 2 perovskite layers; these compounds are also called 
layered compounds.  
 
This work focused on one model structure of the A2BO4 structure, called the K2NiF4-type 
structure and its higher derivates (An+1BnO3n+1 structures) the Ruddlesden-Popper phases
 [14] 
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+ SrO - SrO
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Figure 2.8: SrFeO3: example of adaptability of the perovskite structure a) SrFeO3
[15] (Pm 3 m) b) SrFeO2.75
[16] (Cmmm) c) SrFeO2.5
[17] (Ibm2)       
d) SrFeO2
[18] (P4/mmm) e) Sr2FeO4
[19] (I4/mmm) f) Sr3Fe2O7
[19] (I4/mmm) g) Sr3Fe2O6
[20] (I4/mmm) h) Sr3Fe2O5
[21] (Immm) 
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2- The La-Ni-O system: 
 
The La-Ni-O phase Diagram was first established by Petrov and al.[22] in 1988 who 
investigated different systems between 937 and 1573 K under   10-15 atm < pO2 < 0.21 atm. He 
obtained basically only La2NiO4 and La4Ni3O10 as ternary oxides. Furthermore it is important 
to notice that trials to synthesize LaNiO3 failed in air and under 1 atm of oxygen and resulted 
in a mixture of La4Ni3O10 and NiO. His proposed phase diagram is shown on figure 2.9. 
 
Figure 2.9: Phase diagram after Petrov [22] Ln=La, B: La4Ni3O10; C: La2NiO4 
 
This was in contradiction with an earlier study in air by Odier and al.[23] who claimed 
the existence of both La3Ni2O7 (decomposes above 1473K) and LaNiO3 (decomposes at 
1133K) phases with the following decomposition reactions: 
2 La3Ni2O7 → 3 La2NiO4 + NiO + 
2
1
 O2      (1) 
( ) 21313 12
1
1
1
1
1
O
n
NiO
n
ONiLa
n
LaNiO nnn +⋅
+
+
+
+
→ ++     (2) 
Later on, Katayama [24] made a further thermodynamic study at 1473K and set that 
there were 9 previously reported phases in the system: La2O3, La2NiO4, La3Ni2O7, La4Ni4O10, 
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La5Ni4O13, LaNiO3, La2Ni2O5, LaNiO2 and finally NiO. He only found La2O3, La2NiO4, 
La6Ni5O15 (new phase) and NiO. 
 
In 2004, Solak [25] and Zinkevich and al. [26][27] reinvestigated the La-Ni-O phase 
diagram using theoretical calculations on the decomposition reactions (1), (3) and (4). 
4 LaNiO3 → La4Ni3O10 + NiO + 
2
1
O2      (3) 
3 La4Ni3O10 → 4 La3Ni2O7 + NiO + 
2
1
O2      (4) 
They determined the Gibbs energy of formation of LaNiO3, La4Ni3O10, La3Ni2O7 and 
La2NiO4 with the following decomposition sequence LaNiO3 → La4Ni3O10 → La3Ni2O7 → 
La2NiO4 with an increase of pO2 or a lowering of the temperature. Figure 2.10 and 2.11 
displays respectively their phase diagram along the La2NiO4-LaNiO3 region and the pseudo-
binary section La2O3-NiO. 
 
 
Figure 2.10: LaNiO3-La2NiO4 section of the phase diagram after Zinkevich 
[26]. 
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Figure 2.11: Equilibrium oxygen pressures for different three-phase regions and enlarged view 
at high oxygen pressures after Zinkevich [26] 
 
Furthermore, Bannikov and al. [28] suggested La4Ni3O10 to be more stable than 
La3Ni2O7 which decomposes through the following reaction:  
 
2 La3Ni2O7-δ → La4Ni3O10-δ’ + La2NiO4+δ’’ + 
2
'''2 δδδ +−
O2   (5) 
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3 - Overstoichiometric A2BO4 structure: La2NiO4+δ: 
 
3.1-Structure: 
 
This material has been extensively studied since the 1960s because of its high similarities with 
one of the high temperature superconductor La2CuO4+δ 
[29]. La2NiO4+δ was even reported to be 
superconductive with a transition around 70 K [30]-[33] 
 
Another characteristic feature of this material is the presence of a high amount of 
oxygen in interstitial positions which can exchange with the oxygen contained in its 
environment even at room temperature through electrochemical oxidation or reduction in 
aqueous KOH up to δ=0.25 through the following reaction. [34][40]  
 
−
+
− ++→+ eOHNiOLaOHNiOLa δδδ δ 22 24242     (6) 
This low temperature behaviour is known only for one other class of materials: 
Brownmillerite of the systems SrMO2.5 (M=Fe, Co) 
[17],[41][42]. 
 
La2NiO4+δ crystallizes in the K2NiF4 system
 [43][44] and possesses an interesting layered 
structure consisting of alternate LaO rock salt layers and LaNiO3 perovskite layers as shown 
on figure 2.12.a. Another representation of the structure is an alternate of BO2 squares and 
A2O2 rock salt layer (figure 2.12.b) due to the Jahn-Teller effect increasing the distance 
between the Nickel atom and the apical oxygen. 
AO layer
A2O2 layer
BO6 octaeder
BO4 square
a)
b)
 
Figure 2.12: Two different representations of the idealized structure of La2NiO4 
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In the case of La2NiO4+δ, the structure can be defined in 2 different equivalent systems 
for oxygen-rich compounds due to a slight orthorhombicity in the [110] direction of the 
I4/mmm structure and then belongs to the space group Fmmm as shown on figure 2.13. 
 
Figure 2.13: Definitions of the I4/mmm (black) and the Fmmm (red) elementary cells 
 
The rock-salt layer is subject to tensile stress due to the Jahn-Teller effect and the basal 
square is in compression. This stress can be accommodated in 2 different ways: 
- The first way is to tilt the NiO4 square in the [100] direction  
- The second way is the insertion of interstitial oxygen atoms in the (¼¼¼) position 
which elongates the La-O bond in the rock salt layer. In order to compensate the charge, an 
oxidation of the Ni2+ in Ni3+ is necessary (see figure 2.13) 
 
It was reported that La2NiO4+δ is submitted to a tilt of the octahedra at low temperatures 
and this was described as a transition between the High Temperature Tetragonal phase (HTT 
with I4/mmm symmetry), Low Temperature Orthorhombic (LTO with Bmab symmetry) and 
Low Temperature Tetragonal (LTT with P42/ncm symmetry) as displayed on figure 2.14
[45]-[50] 
but these transition temperatures are highly dependant on δ. 
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[100]
[110]
HTT
I 4/mmm
LTO
Bmab
LTT
P42/ncm
≈ 70 K≈ 700 K
 
Figure 2.14: Representation of the HTT, LTO and LTT phases for stoichiometric La2NiO4; 
orientation relationship of the octahedra and interstitial position in the different structures of 
La2NiO4+δ. 
 
In the case of the Bmab structure, two different configurations in 2 different space 
groups (Bmab or Pnaa) are possible depending on the tilt direction of the z ≈ ½ plane as 
displayed on figure 2.15. The only difference between these two structures is the direction of 
tilt of the z ≈ ½ plane.  
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a) b)
 
Figure 2.15: a) Bmab structure; b) Pnaa structure. 
 
Arrows are guides to the eye showing the direction of displacement of the apical 
oxygen. Only the red arrows are different between the 2 representations. In the Pnaa structure, 
it is important to remark the formation of two different types of interstitial oxygen sites (Small 
(dark green) and Big (light green)), in this structure, there would be a high probability to have 
only one of the Big interstitial sites filled by unit cell, leading to δ = 0.25. 
 
3.2- Synthesis: 
 
Historically, the structure of La2NiO4 was discovered by Rabenau A. and Eckerlin P.
[51] 
They sintered polycrystalline samples by firing mixtures of Lanthanum Oxide and Nickel 
carbonate at 1473-1673K at air. Then stoichiometric mixture of pure La2O3 (pre-treated at 
800°C) and NiO were fired at a temperature of around 1473K (1273K < T < 1673K) with 
different cycles of pelletization, firing and regrinding of the powder. As the amount of excess 
oxygen depends on the partial pressure of oxygen, partial pressures in the range 10-13 bar < 
pO2 < 10 bar were used in order to obtain  0 < δ < 0.18. More recently several groups used the 
citrate route (sol-gel method) [52][53], this method being a lot easier to apply and faster, but the 
passage through intermediate phases (lanthanum oxycarbonates) could lead to the formation of 
higher Ruddlesden-popper phases [54]. 
 
The first single crystals of La2NiO4 were grown using the skull-melting floating-zone 
technique [55] and using a CO2 laser 
[56]. Later, another crystal was made using an infrared-
heating floating-zone furnace in weakly oxidizing atmosphere (1% O2 / N2). The obtained 
stoichiometry of the as-grown crystal was δ = 0.03 [46].  
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Then in 1990 G. Burns used the radiofrequency-induction skull melting in a water-cooled 
crucible in an atmosphere containing 10% CO2 lowered at a rate of 15 mm/h
 [33]-[34],[45],[48],[57]. 
Finally the most current method nowadays is the Floating-Zone method using an image-
furnace [58][62]. By adjusting the oxygen partial pressure during the growth of the crystal or by 
annealing the sample under a CO/CO2 atmosphere, we can provide 0<δ<0,18 also for single 
crystals. 
 
3.3- Properties due to excess oxygen: 
 
A lot of work was realized on the transport properties on single and polycrystalline 
samples and different mechanisms where suggested for the incorporation of excess oxygen: 
- ordering of oxygen [35]-[36],[63][65] 
- modulation [66] 
- phase transition [51],[67] 
-structural change [68] 
 
Different groups published data related to oxygen stoichiometry and established parts 
of a phase diagrams using different techniques over a large range of temperature and can be 
summarized in figure 2.14. 
 
Figure 2.16: Phase diagram of La2NiO4+δ in function of δ depending on temperature after 
[47]-
[49],[67][69], 1 = LTLO (Pccn), 2 = LTO (Bmab), 3 = LTT (P42/ncm), 4 = HTT (I4/mmm), 5 = 
HTT2 (F4/mmm), 6 = HTT3 (Fmmm) and a and b are ordered phases. Dashed lines are 
hypothetic extrapolations lines. 
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Figure 2.17: cell parameters as a function of δ after Rice [47] and Hücker [70] measured at room 
temperature 
 
On figure 2.17, we can see a good agreement between the data published by the two 
authors. They used a single crystal grown by Skull-Melting and increased δ by annealing for a 
longer time at lower temperature and increased pO2 from CO2/O2 mixtures to Argon until pure 
O2 and subsequent quenching. In the range 0.06 < δ < 0.14, the c parameter is increasing of 
0.1 Å linearly with the overstoichiometry, whereas the a parameter decreases slightly (0.01 Å 
only). The elongation in the c direction is compensated by a slight decrease of the in-plane 
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parameter a. This modification is related to the stress in the rock-salt layer explained 
previously. The cell parameter c can be regarded as a good parameter for measurements of the 
stoichiometry of the compound. 
It is to notice that for δ < 0.02 La2NiO4+δ is orthorhombic. For low values of δ we 
notice a more severe variation of both parameters. For high δ values (δ > 0.15) an increase of 
the a parameter can be observed due to a necessary tilt of the NiO6 octahedra in order to 
accommodate the excess oxygen.  
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Figure 2.18: Evolution of the cell parameters as a function of temperature for δ = 0 and 
0.14[71], δ = 0.02, 0.13 and 0,18[68], δ = 0.1443[72] and δ = 0.3[73] 
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On figure 2.18 are represented most of the available data on the evolution of the 
different cell parameters with temperature.  
Through cryogenic measurements from samples with 0.02 < δ < 0.18, Jorgensen and 
al.[68] confirmed that La2NiO4+δ is orthorhombic (Bmab) for temperatures below 300 K and the 
c parameter value is strongly related to δ.  
For temperatures > 600K, in the range 0.14 < δ < 0.30, no important effect of δ on the 
a parameter evolution with temperature was reported. A strong decrease of the in-plane cell 
parameter is observed for large overstoichiometry at high temperatures. The slope can be 
extracted through linear regression and is equal to 7*10-5 Å/K and seems to be constant in the 
range 300 K < T < 1200 K.  
On the contrary, the c parameter is increasing with δ and the slope is relatively constant 
from 600 K up to 1200 K for every value of δ and equals to 1.8*10-4 Å/K.  
 
Figure 2.19.a shows the thermal expansion of La2NiO4.15, La3Ni2O6.95 and La4Ni3O9.78 
from these curves Thermal Expansion Coefficients of the three compounds were extracted. 
La2NiO4.15 presents an increase of the expansion coefficient from 13,1*10
-6 K-1 below 548 K to 
13,8*10-6 K-1. On figure 2.19.b we can notice that the pO2 dependency of the oxygen 
stoichiometry increases with temperature. 
 
Figure 2.19: a) Dilatometry curve displaying the Thermal Expansion Coefficient of La2NiO4.15, 
La3Ni2O6.95 and La4Ni3O9.78 after 
[74]  b) Oxygen stoichiometry as a function of temperature for 
different partial pressures after [75] 
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4- Τhe oxygen deficient higher members of the Lan+1NinO3n+1 Ruddlesden-Popper series, 
structure and properties: 
 
As previously seen in II.2.2 of this thesis, the Ruddlesden-Popper phases are well known 
in the La-Ni-O system and are consisting of n consecutive perovskite layers (LaNiO3)n 
alternating with AO Rock-Salt layers along the c-direction. The perovskite structure is 
equivalent to n = ∞. The only difference between the different phases is the c-axis dimension. 
The structures are shown on figure 2.20. 
n = 1 n = 2 n = 3 n = ∞  
Figure 2.20: Structure of the Ruddlesden-Popper phases n = 1, 2, 3 and ∞. Each n ≠ ∞ 
compounds can be described in the Fmmm space group 
 
These phases up to n = 5 were studied by Drennan and al [76] who reported that the only 
pure phase is La2NiO4 and the others are made of intergrowth of disordered structures in the c-
direction. Most of the features are hidden by simply using X-Ray due to a lot of similarities in 
the diffraction patterns (same a and b axis). Weng and al. [77] synthesized the n = 1, 2, 3 and ∞ 
phases using an Isothermal synthesis impurity free as determined through XRD. Amow and al. 
[74] reported an impurity peak in the XRD diffractogram of La2NiO4,15 after heating at 1173 K 
for 2 weeks in air whereas no deterioration was observed in the case of La3Ni2O6.95 and 
La4Ni3O9.78 and studied the later as potential material for SOFCs. When n increases, the 
metallic character increases, which may be related to the increase of Ni3+ among the series. 
Some studies on La3Ni2O7-δ were carried out in order to determine its thermal, transport 
and magnetic properties. Zhang and al. [78] reported an easy change of the overstoichiometry of 
the compound through the following scheme, as well as a fluctuation between metallic and 
semi-conducting character: 
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They report as well this change of stoichiometry to be due to the loss of a large amount of 
the apical oxygen linking 2 LaNiO3 octahedron layers, eventually leading to La3Ni2O6 as 
reported by Poltavets and al.[79]-[80] displaying a structure consisting of infinite NiO2 layers 
separated by La-O2-La blocks. 
 
In 1996, Kobayashi and al. [81] reported La4Ni3O10-δ to assume a deviation of 
stoichiometry up to δ = 1,24, and gain, in that state interesting semi-conductive behavior as for 
La3Ni2O6.35. La4Ni3O10 was reported to be stoichiometric in air contrary to La3Ni2O7 which is 
oxygen deficient [82].  
Carvalho and al. [83] reported La4Ni3O10 not to be presenting intergrowth whereas 
La3Ni2O7 displayed intergrowth of phases with n = 2, 3 and ∞, furthermore n = 2 and 3 phases 
synthesized using a citrate or nitrate sol-gel method are very reactive and present a larger 
amount of Ni3+ compared to the classical solid state ceramic synthesis. 
For overstoichiometric compounds, Ling and al. [84] reported a tilt of the octahedrons in 
Zigzag in the [100] direction with a lowering of symmetry to Amam (n=2) and Bmab (n=3).   
 
The phase having n=∞ was extensively studied mainly as thin-film and revealed 
interesting catalytic activity for CH4 and CO2 reforming 
[85][86] due to high stability compared 
to other Ni-containing catalysts. LaNiO3 was reported to have a slightly distorted perovskite 
hexagonal structure due to oxygen deficiency which increases among heating. Reduction under 
an Hydrogen atmosphere leads to LaNiO2.5 and even to LaNiO2 
[87]. LaNiO2.5 was reported to 
have a monoclinically distorted structure of infinite chains of NiO4 lozenges in the c-direction 
alternating with NiO6 octahedrons in the (a,b) directions 
[88]. 
 
Most of the RP-phases of the LaNiO system were obtained through conventional methods as 
well as thin-film samples. An extensive study of thin-film was reported by Burriel[89] in 2007, 
they reported that LaNiO3 and La2NiO4 could be grown as epitaxial single phase films contrary 
to La3Ni2O7 and La4Ni3O10 who consists of intergrowth of n=1, 2, 3, 4, 5, … phases in the c-
direction. 
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5- Theoretical transport calculations: 
 
Molecular dynamics calculations were carried out by Minervini and al.[90] considering 
the orthorhombic stoichiometric La2NiO4 in the Bmab space group. Through calculation of the 
different migration pathways they found out that the lowest energy intrinsic process was the 
incorporation of excess oxygen into an interstitial site and that the migration of oxygen ions is 
highly anisotropic and takes place mainly in the (ab) plane with activations energy of Ea(ab)= 
0.3-0.9 eV and Ea(c)= 2.9-3.5 eV depending on the migrating species (Oi
- or Oi
2-). The lowest 
energy migration paths they suggested are shown on figure 2.21.a.  
    
Figure 2.21: a) Calculated mechanisms for (a) ab plane and (b) c direction migrations [90]. b) 
Schematic representation of the tilting of NiO6 octahedra centered at z = 0 along the [010] 
direction [91]. 
 
In 2005, using Density Functional Theory (DFT), Frayret and al. [91] showed that the 
incorporation of oxygen requires a displacement of the neighboring apical oxygen and a tilt of 
the NiO6 octahedron in the tetragonal cell I4/mmm. They also stated that oxygen intercalation 
was a more efficient way to reduce the strain than orthorhombic distortion (figure 2.21.b) and 
confirmed the hypothesis of Minervini and al.[90] of favorable diffusion in the (ab) direction 
involving only apical and interstitial oxygen whereas movement in the c direction involves 
equatorial oxygen. 
 
More recently, Cleave and al. [92] studied stoichiometric I4/mmm La2NiO4 and concluded that 
the most likely pathway for oxygen ion migration was via a vacancy process within the (ab) 
plane through a movement on equatorial sites and that diffusion along the c direction needs the 
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movement of a vacancy through the equatorial plane. They concluded that the activation 
energy required for such vacancy mechanism is always lower than interstitial processes. 
 
The newest study by Chroneos using molecular dynamics carried out in a temperature range 
from 800 to 1000K on 2 different overstoichiometric La2NiO4+δ managed to reproduce pretty 
well diffusion data acquired by Skinner [94],  Kilner [95] and Bassat et al. [96]. They stipulate that 
in this temperature range, additional oxygen will predominate and be accommodated on 
interstitial sites. They also predict an O2- interstitialcy mechanism in the (ab) plane with 
migration activation energy of 0.51 eV during which an interstitial oxygen displace an apical 
oxygen which progresses to an adjacent vacant interstitial site as shown on figure 2.22. A 
distortion of the oxygen equatorial site towards the interstitial oxygen is observed during the 
transition state when both atoms are on interstitial sites. In other layered structures this 
behavior is the starting step of diffusion across the layers. This is not happening in La2NiO4+δ 
and related to its strong anisotropy of diffusion. 
 
a)
b) c) d)
Figure 2.22: a) Oxygen ion density in the (010) plane (left) and the isosurface connecting the 
oxygen conduction sites (right) from a simulation at 900K and δ = 0.09. b,c,d) snapshots 
presenting the diffusion mechanism [93] 
 
All the theoretical calculations mentioned above stipulate that anionic Frenkel disorder is the 
main defect in both tetragonal and orthorhombic La2NiO4+δ. They also claim that the 
probability of a vacancy sitting on an interstitial site is higher than on an apical site. It is also a 
common feature that equatorial sites have a major contribution in the diffusion process in the c 
direction whereas they have no role in the fast diffusion along the (ab) planes. 
 
6- Measurements of tracer oxygen diffusion by other groups: 
 
In the following figure are plotted a summary of all data published on oxygen diffusion in 
single and polycrystalline La2NiO4+δ 
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Figure 2.23: Summary of all published values of oxygen tracer diffusion coefficient values D* 
(a) and oxygen surface exchange coefficient values k* (b) obtained on polycrystalline samples 
up to present. Chroneos [93], Skinner [94], Kilner [95], Bassat [96], Bouwmeester [97], Shaula [98] 
and Smyth [99]. 
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Figure 2.24: Summary of all published values of oxygen diffusion coefficient D* (a) and 
oxygen surface exchange coefficient k* (b) on single crystalline samples (Bassat [96]) and 
epitaxial thin films (Burriel [100]) obtained up to present.
a) 
b) 
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II.3) Characterization techniques: 
 
1- Thermal Gravimetric Analysis (TGA): 
 
Thermal Gravimetric Analysis is a widely used method for analysis of thermal phenomena. Its 
principle is very simple, a sample is heated at a certain rate, under a controlled atmosphere and 
a balance is measuring the variation of the mass of the sample over time. 
This method is particularly appropriate for measurement of reactions like: 
- Decomposition 
- Dehydration 
- Change of stoichiometry 
- Gas-solid reactions 
A sample of the test material is placed into a high purity alumina shuttle that is suspended from 
an analytical balance located outside the furnace chamber. The balance is zeroed using small 
weights, and the sample shuttle is heated according to a predetermined thermal cycle.  
When the mass changes, the balance sends out a current (positive or negative). This current is 
converted to a signal proportional to the change of mass by a computer. 
 
Figure 2.25: Scheme of the TGA apparatus used. [101] 
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2- X-Ray Diffraction methods: 
 
An X-ray beam is an electromagnetic wave with short wavelength. It is produced by the impact 
of electrons on an anticathode in an X-ray tube.[102] 
This anticathode emits a spectrum of radiation coming from electronic transitions between the 
excited energy levels of the atom used as source. Common targets used in x-ray tubes include 
Cu and Mo, which correspond to wavelengths of 1,54 Å and 0,8 Å, respectively. 
When these radiations meet the sample, a part will be absorbed and another will be scattered 
by the sample. As these wavelengths are comparable to the size of atoms, they are ideally 
suited for probing the structural arrangement of atoms in a material. 
The energetic x-rays can penetrate a few microns into the materials depending on its Z and 
provide information about the bulk structure. 
When x-ray photons meet electrons, some of them will be deflected, if these photons do not 
lose energy, we have an elastic scattering. In a conventional x-ray diffraction experiment, the 
amount of these photons is measured. In Inelastic scattering, the change of energy of the x-ray 
photons is measured as well as the scattering angle. 
The diffracted photons of the different atoms will interfere with each other and when these 
atoms are arranged in a periodic array (as in a crystal); these diffracted waves will make sharp 
maxima of intensity with the same symmetry as the atoms and give a diffraction pattern of the 
material. 
The x-ray diffraction pattern and the atomic distances between atoms are strongly correlated. 
In a crystalline sample, these atoms are arranged in planes defined by Miller indices. Bragg’s 
law gives the relation between the distance d, separating two of these planes and the incident x-
ray beam angle θ: λθ ⋅=⋅⋅ nd hkl sin2 , where λ is the wavelength of the incident photons. 
 
Figure 2.26: Illustration of the Bragg law 
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2.1- Powder Diffraction: 
 
Powder XRD (X-ray Diffraction) is perhaps the most widely used x-ray diffraction technique 
for characterizing materials. As the name suggests, the sample is usually in a powdery form, 
consisting of fine grains of single crystalline material to be studied. The technique is used also 
widely for studying particles in liquid suspensions or polycrystalline solids (bulk or thin film 
materials). 
Ideally, a powdered sample is a sample where every grain is randomly oriented, therefore at 
each incident angle of the monochromatic x-ray beam, all the different d-spacings 
corresponding to the different planes allowed by the Bragg law are diffracted. Therefore the 
detector is moved in a wide range of angle to collect all the different diffracted photons. The 
positions and the intensities of the peaks are used for identifying the underlying structure (or 
phase) of the material. 
Powder diffraction data can be collected using either transmission or reflection geometry. 
Because the particles in the powder sample are randomly oriented, these two methods will 
yield to the same data. The most commonly used geometry is the Bragg-Brentano geometry. 
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Figure 2.27: Bragg Brentano geometry and a typical powder diffractogram 
 
2.2- Laue diffraction: 
 
Laue diffraction is a method applied to single crystals, in which an immobile single crystal is 
exposed to a polychromatic white radiation.[102]- [104] 
In order to observe a spot on the diffraction film, Bragg’s law should be fulfilled. A spot on the 
film corresponds to a family of planes. As the radiation is polychromatic, the intensity of the 
diffraction spots is not proportional and only the position of these diffraction spots is relevant. 
2θ 
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Measurement circle 
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Depending on the size of the single crystal, 2 types of geometries can be applied: transmission 
(for small crystals) and backscattering reflection (for bigger ones), as shown in figure 2.28. 
 
 
Figure 2.28: Laue geometry and resulting measurements a) transmission.[104]                             
b) backscattering [104]  and c) goniometer head 
 
A crystal can be defined in the direct space (a,b,c) as well as in the reciprocal space (a*, b*, c*)  
Laue backscattering diffraction shows a direct picture of the reciprocal space and the symmetry 
elements, it is widely used to determine orientation and space groups of single crystals. An 
important feature is that each pattern represents the projection of the reciprocal space in a 
unique direction <uvw>. Each zone axis [uvw] is represented by hyperbolae for back-
scattering. 
 
 
 
 
 
 
 
Transmission Back-reflexion 
a) 
a) 
b) 
b) 
c) 
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2.3- IPDS (Imaging Plate Diffraction System): 
 
This kind of system is based on the same principle as the Laue diffraction while using ay 
monochromatic beam with a crystal rotating around the axis of the goniometer while 
measuring (angle ϕ). In this experiment, a Laue diffraction pattern of the single crystal fixed 
on a goniometer head is taken for some defined positions of the single crystal.[105] 
 
Figure 2.29: Schematic representation of the IPDS I apparatus [106] 
 
The diffraction pattern is printed on a polymer coated metal plate by the formation of Eu3+-
electron pairs, these through excitation of a Laser will lead to the recombination of a light-
emitting electron-hole pair which, using a photomultiplier will be converted to an electrical 
signal proportional to the intensity. Between each measurement, exposition to a halogen light, 
which aim is to recombine all the electron-hole pairs will erase the signal and make the image 
plate ready for the next exposition. Through recording of a series of images at different angles 
ϕ of rotation of the crystal it is possible to reconstruct the reciprocal lattice and determine the 
orientation and the rotation matrix of the single crystal. 
 
3- Neutron diffraction: 
 
Neutrons are neutral elementary particles which possess a mass and no charge. They interact 
with matter through phonons which have energies of a few meV. The correlation length is in 
the same order of magnitude as the elementary cell. Neutrons are produced through nuclear 
fission of 238U in a nuclear reactor. For scientific purpose it is necessary to have different 
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beams with adapted wavelengths, this is done through the use of different sources: thermal 
neutrons are passing through normal heavy water and have a wavelength of 0.1-0.2 nm, cold 
neutrons are produced using a liquid hydrogen or oxygen source at 20 K and have a 
wavelength of 1 nm, on the contrary, for very short wavelength (0.05 nm) a hot source of 
graphite at 1800 K is used. Another important characteristic of neutrons is that their diffracting 
power is contrary to X-rays independent of the diffraction angle as they directly interact with 
the core. Consequently, different isotopes will have different scattering lengths. It is as well 
possible to determine magnetic structures as neutrons interact with the spin of free electrons. 
Neutron scattering is also very sensitive to light elements like Hydrogen, Oxygen or Nitrogen. 
In our case, the use of neutrons was required because the penetration length of neutrons is very 
high so we could scatter the whole crystal to determine if there were inhomogeneities or 
twinning in the single crystals. 
 
4- Microscopy: 
 
The basic principle of microscopy is allowing the user to magnify an object. This is done using 
lenses as shown in figure 2.30 
 
Figure 2.30: scheme of the path of light in a conventional microscope 
 
4.1- Interference microscopy: 
 
White light interferometry is a widespread method for optical surface profilometry.[106][108] An 
important advantage of the white light interferometry is that it can also be used for 
measurement on rough surfaces. This is a significant difference to classical interferometry and 
it makes this method interesting for industrial use. Unlike the laser-based devices, 
interferometry provides nanometer level resolution. While being a stable and reliable 
technology, it suffers from some drawbacks: very high sensitivity to vibration, low lateral 
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range which is limited by the size of the beam and impossible to measure height 
discontinuities.  
 
Figure 2.31: Scheme of a white light interferometer [109] 
 
 The measurement principle is very well known: a reference coherent beam overlaps in the 
observation plane over another beam which carries information on the surface, from that 
phenomenon, interference fringes appear. The phase difference in the reflected beam can be 
measured and translated into height, giving the profile of the surface. There are two major 
types of interferometer which are used in an interference microscope: Michelson requires long 
working distance and has a small magnification (2,5-5x) whereas Mirau objectives are used in 
middle range magnification (10-50x). The limit of measurement of level differences depends 
on the size of the interference fringe. 
  
There are two modes in white light interferometry:  
- Phase shifting interferometry (PSI) is used for smooth surfaces with a peak-to-valley 
roughness of less than 160 nanometers. 
- Vertical scanning interferometry (VSI) is used to measure rough surfaces with a peak-to-
valley of up to 100 micrometers. 
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4.2- Electron Microscopy 
 
Electrons are particles possessing a wavelike character. This wavelength is depending on their 
mass and speed. In a vacuum, electrons produced by a heated filament and accelerated through 
a high potential difference of several kV, will have a wavelength lower than a few pm and can 
penetrate the matter up to several microns. When an electron beam meets a sample, a large 
variety of interactions and radiations are emitted as shown on figure 2.30. 
 
 
Figure 2.32: interaction electron-matter 
 
Backscattered electrons as well as secondary electrons are used in order to produce the image 
in a Scanning Electron Microscope (SEM). On the contrary, Transmission Electron 
microscopy uses diffracted beam, transmitted beam and inelastic diffusion to form images. 
The penetration depth of the incident beam depends on its acceleration voltage. Electrons are 
very small and easily deflected by gas molecules in the air. Therefore, to allow the electrons to 
reach the sample, every electron microscopy technique is conducted under high vacuum. 
 
4.2.1- Scanning Electron Microscope (SEM) 
 
An electron beam (coming from the heating of a W filament) is scanning the surface of the 
sample and a certain number of electrons are extracted from the area of the sample hit by the 
beam. [110] An area from which a huge amount of electrons is coming will appear bright. In a 
scanning microscope, compared to many other techniques, the image is formed using a highly 
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focused electron beam that is scanned over the surface. Two types of electrons are widely 
used: backscattered electrons and secondary electrons. Reflected (backscattered) electrons give 
information on the elemental composition due to the difference between atomic numbers 
(number of electrons). On the contrary, the information given by secondary electrons is the 
topography of the sample. Scanning the sample simultaneously in 2 perpendicular directions 
makes it possible to display a 2D image of the sample using backscattered or secondary 
electrons. Heavy elements lead to more secondary electrons and give sharper images, lighter 
elements can be determined by using an additional conductive coating (usually gold or 
platinum) sputtered on the surface. 
 
 
Figure 2.33: Scheme of a typical SEM [111] 
 
4.2.2- Transmission Electron Microscope (TEM)  
 
In this technique, the electron beam penetrates a thin sample. A high voltage of the electron 
beam is required (typically 200keV) and the beam produced by the cathode is focused through 
a series of lenses and transmitted throughout the sample. Typically a TEM consists of three 
sorts of lenses as can be seen in figure 2.34. The condenser lenses are useful in formation of 
the primary beam, the objective lenses focus the beam on the sample itself and finally the 
projector lenses are used to expand the beam onto the phosphor screen or other imaging 
device, such as film or CCD camera. The magnification of the TEM is due to the ratio of the 
distances between the specimen and the objective lens image plane. The following figures are 
taken from reference [113]. 
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Figure 2.34: Schematic representation of a CM30 TEM (Philips) showing the position of the 
lenses and apertures.[112] 
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Different types of imaging can be used in a TEM, in which: 
BF: The Bright Field Detector detects the intensity 
in the direct beam from a point on the specimen. It 
permits a structural contrast, due to the differences 
in scattering by different atomic planes (like in 
XRD), therefore it contains mass, thickness and 
diffraction contrasts.  
 
HAADF: The high-angle annular dark field 
detector is a disk with a hole collecting the high 
angle scattered electrons carrying information on 
the chemical composition. Thus, it detects electrons 
that are scattered to higher angles. Z (atomic 
number)-Contrast is achieved.  
 
HRTEM: To obtain lattice images, a 
larger objective aperture has to be 
selected in order to permit many beams 
including the direct beam to pass. The 
image is formed by the interference of 
the diffracted beams with the direct beam 
(phase contrast). If the point resolution of 
the microscope is sufficiently high and 
the sample is oriented along a zone axis, 
then high-resolution TEM (HRTEM) 
images are obtained on which it is 
possible to directly see atom columns and 
identify structure and lattice distances. 
 
SAED: In selected area electron diffraction (SAED), a diaphragm is placed in the plane of the 
first intermediate image and defines the region of which the diffraction will be made (typically 
a few hundreds nanometers). Only electrons fulfilling the Bragg condition will pass and form a 
spot on the viewing screen. In case of a polycrystalline or non-crystalline sample a ring pattern 
will be recorded. SAED is commonly used for phase identification, determination of structural 
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intergrowth, determination of growth directions. Lattice parameters from SAED have accuracy 
of approx. 5%, and due to multiple diffraction, forbidden reflections are often present. An 
almost undistorted image of a reciprocal plane can then be seen and it is possible to determine 
the zone axis and space group. 
 
Figure 2.35: Comparison of apertures between imaging and diffraction mode 
 
5- Energy Dispersive X-Rays Spectroscopy (EDXS): 
 
When the primary beam strikes atoms, secondary electrons are produced, a phenomenon which 
is accompanied by the emission of X-ray photons due to the filling of the empty holes by 
higher energy electrons coming from higher shells [114] are observed. Since each element has a 
unique electronic structure, the series of X-ray photons generated are characteristic in energy 
and wavelength of the particular element emitting the X-rays and the intensity is proportional 
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to the number of these atoms.  Therefore identification of heavy elements is a lot easier and 
more reliable due to a higher number of possible transitions. 
There are two types of X-ray detectors used for quantitative elemental microanalysis, the 
associated techniques are: Wave-length Dispersive X-ray Spectroscopy (WDXS) and Energy 
Dispersive X-ray Spectroscopy (EDXS). An energy-dispersive spectrometer is a solid state X-
ray detector consisting of a Li doped Si crystal maintained at cryogenic temperatures to reduce 
electronic noise. Any X-ray hitting the Si crystal will generate a current proportional to its 
energy. All X-rays generated are analyzed in parallel and the spectrum can be monitored in 
real time as it is collected. Not all X-rays can be collected and the number of rejected x-rays is 
called the dead time.  
This EDXS apparatus are present nowadays on nearly every type of electron microscopes 
(SEM, STEM and TEM). Depending on the kind of microscope and the acceleration voltage of 
the electrons, the lateral resolution and penetration depth can vary between 1 nm (TEM) and 1 
micron (SEM) corresponding to the penetration depth of the electron beam. 
It is possible to do line-scans and mapping as well as point analyses. The reliability of 
quantitative measurements depends on atomic number and type of microscope and lies 
between 1 % and 0,2 %. 
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Figure 2.36: Principle of X-Ray emission using an electron beam. Kα, Kβ and Lα are the X-
ray radiation and their wavelength is characteristic of the element. 
 
6- Mass Spectrometry: 
 
Mass spectrometry is a powerful technique for identifying unknown trace species, studying 
isotope abundance in air or vacuum, quantifying the different trace elements in a sample, 
determining isotope ratios in an isotopic enriched sample or gas …  
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Mass spectrometry is essentially a technique for "weighing" molecules. This is not done with a 
conventional balance or scale. Instead, mass spectrometry is based upon the motion of an ion, 
in an electric or magnetic field. The mass to charge ratio (m/z) of the ion affects this motion. 
Since the charge of an electron is known, the mass to charge ratio is equal to a measurement of 
an ion's mass.  
All mass spectrometers operate at very low pressure (high vacuum). This reduces the chance of 
ions colliding with other molecules in the mass analyzer. Any collision can cause the ions to 
react, neutralize, scatter, or fragment. All these processes will interfere with the mass 
spectrum. Experiments are conducted typically at 10-2 to 10-5 Pa (10-4 to 10-7 torr) depending 
upon the geometry of the instrument. [115] 
Any mass spectrometry technique consists of 3 parts as shown on figure 2.37: 
- the ionization source 
- the ion analyzer 
- the detector 
 
 
Figure 2.37: Basic scheme of a mass spectrometer 
 
6.1- Ionization source: 
 
Most ionization techniques excite the neutral atom or molecule which then ejects an electron to 
form a radical cation (M+•). The most important factors are the physical state of the analyte and 
the ionization energy. Electron ionization and chemical ionization are only suitable for gas 
phase ionization, on the contrary fast atom bombardment, secondary ion mass spectrometry, 
electrospray, and matrix assisted laser desorption are used to ionize condensed phase samples. 
The ionization energy controls the amount of fragmentation observed in the mass spectrum and 
is therefore very important. 
Although this fragmentation complicates the mass spectrum, it provides structural information 
for the identification of unknown compounds.  
 
  
 
 
Sample Ion source Mass analyser Detector Data analysis 
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6.2- Mass Analyzer: 
 
Mass analyzers separate the ions according to their mass/charge ratio (m/z). The following two 
laws govern the dynamics of charged particles in electric and magnetic fields in vacuum: 
 (Lorentz force law) 
 (Newton’s second law of motion) 
Here F is the force applied to the ion, m is the mass of the ion, a is the acceleration, Q is the 
ion charge, E is the electric field, and v x B is the vector cross product of the ion velocity by 
the magnetic field. The resulting differential equation   is the classic 
equation of motion for charged particles. The usual way is to use the dimensionless m/z ratio, 
where z is the number of elementary charges (e) on the ion (z = Q/e). [116] 
There are many types of mass analyzers, using either static or dynamic fields as well as 
magnetic or electric fields, but all operate according to the same equation.  
 
 6.3- Detector: 
 
Detection of ions is based upon their charge or momentum. For large signals a faraday cup is 
used to collect ions and measure the current. Most detectors currently used amplify the ion 
signal using a collector similar to a photomultiplier tube. These amplifying detectors include: 
electron multipliers, channeltrons and multichannel plates. The gain is controlled by changing 
the high voltage applied to the detector. Some detectors are sensitive enough to detect single 
ions. [116] 
 
 6.4- Gas Phase Mass Spectrometry (GPMS): 
 
  6.4.1- Electron Ionization (EI): 
 
Electron Ionization (EI) is the most common ionization technique used for mass spectrometry. 
At around 70 eV the wavelength of the electrons matches the length of typical bonds in organic 
molecules (about 0.14 nm) and energy transfer to analyzed molecules is maximized, leading to 
the strongest possible ionization and fragmentation. Under these conditions, about 1 in 1000 
analyzed molecules in the source are ionized. EI works well for many gas phase molecules, but 
it does have some limitations. Although the mass spectra are very reproducible and are widely 
used for spectral libraries, EI causes extensive fragmentation so that the molecular ion is not 
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observed for many compounds. Changing the ionization energy changes the observed 
distribution of fragment ions. 
 
Figure 2.38: Scheme of an Electron Ionization Source [117] 
 
  6.4.2- Quadrupole Mass Analyzer (QMS): 
 
The quadrupole consists of four parallel metal rods. Each opposing rod pair is connected 
together electrically and a radio frequency as well as a DC voltage is applied between one pair 
of rods and the other. Ions travel down the quadrupole between the rods. Only ions of a certain 
m/z will reach the detector for a given ratio of voltages: other ions have unstable trajectories 
and will collide with the rods as shown in figure 2.39.  
 
Figure 2.39: Principle of mass analysis using a quadrupole [118] 
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6.4.3- Faraday Cup detector: 
 
A Faraday cup is a conductive metal cup designed to catch charged particles in vacuum. The 
resulting current can be measured and used to determine the number of ions hitting the cup 
[119]. 
When a packet of ions hits the metal it gains a small net charge while the ions are neutralized. 
The metal can then be discharged to measure a small current equivalent to the number of 
incoming ions. By measuring the electrical current in the metal part of the circuit the number 
of charges being carried by the ions in the vacuum part of the circuit can be determined. For a 
continuous measurement:  where N is the number of ions observed in a time t (in 
seconds), I is the measured current and e is the elementary charge. Thus, a measured current of 
10-9 A corresponds to about 6 billion ions striking the faraday cup each second. 
Faraday cups are not as sensitive as electron multiplier detectors, but are highly regarded for 
accuracy because of the direct relation between the measured current and the number of ions. 
 
Figure 2.40: Principle of a Faraday cup detector [119] 
 
  6.4.4- Channeltron® Electron Multiplier: 
 
An Electron Multiplier is a vacuum-tube structure that multiplies incident charges. Secondary 
emission occurs when a single electron can, when bombarded on metal, induce emission of 
roughly 1 to 3 electrons. If an electrical current is applied between this metal plate and another, 
the emitted electrons will accelerate to the next metal plate and emit a larger amount of 
electrons. This can be repeated a number of times, resulting in a large shower of electrons all 
collected by a metal anode. 
A Single Channel Electron Multiplier (also known as Channeltron®) is feasible if the material 
of the electrodes has a high resistance, so that the functions of secondary-emission and voltage-
division are merged. The typical construction of these kinds of devices (Figure 2.39) is a 
funnel of glass coated with a thin film of semi-conducting material on the inner wall, with. 
negative high voltage applied at the input end, and positive voltage applied at the output end. 
Electrons emitted at any point are accelerated down the funnel before impacting again the 
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surface and multiplying again. At the destination end a separate electrode remains necessary to 
collect the multiplied electrons.  
 
Figure 2.41: Basic principle of a single Channel Electron Multiplier [120] 
 
Different types of analysis can be carried out using GPMS  
- Analogue analysis (recording every mass in a certain range with a certain step by 
changing the detector voltage in a continuous manner) 
- Multiple ion detection: record of the intensity response (proportional to the partial 
pressure) of a certain array of specific masses one after another, useful in isotope 
measurements or trace analysis  
- Multiple concentration detection (record of the concentration (necessity of a previous 
calibration of the sensitivity) of a certain array of specific species one after another), only 
useable for relatively high concentrations. 
 
6.5- Secondary Ion Mass Spectrometry (SIMS)  
 
This technique consists in the bombardment of a sample surface with a primary ion beam 
followed by mass spectrometry of the emitted secondary ions. Today, SIMS is widely used for 
analysis of trace elements in solid materials. The SIMS ion source produces ions from solid 
samples without a primary vaporization. The SIMS primary ion beam can be focused to less 
than 1 µm in diameter. During SIMS analysis, the sample surface is slowly sputtered away.  
Continuous analysis while sputtering produces information about elemental composition 
as a function of depth, called a depth profile. When the sputtering rate is extremely slow, the 
entire analysis can be performed while consuming less than a tenth of an atomic monolayer. 
This slow sputtering mode is called static SIMS in contrast to dynamic SIMS used for depth 
profiles. It’s a destructive technique which forms a crater in the sample placed in an ultra-high 
vacuum. 
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Figure 2.42: Basic principle of the production of secondary ions in a SIMS [121] 
 
The bombarding primary ion beam produces monatomic and polyatomic particles which 
carry negative, positive, and neutral charges and have kinetic energies that range from zero to 
several hundred eV. Primary beam species useful in SIMS include Cs+, O2
+, Ar+, and Ga+ at 
energies between 1 and 30 keV. Oxygen atoms are usually used for sputtering electropositive 
elements or those with low ionization potentials such as Na, B, Ni and La.  Cesium atoms, on 
the other hand, are better at sputtering negative ions from electronegative elements such as C, 
O, Cu and H.  The detection limit of SIMS is severely reduced with improper selection of the 
ion beam.  Liquid metal ion sources are used for high-resolution work, since these can provide 
smaller beam diameters. [122] 
The yield of secondary ion sputtering, which affects SIMS sensitivity, depends on the 
specimen's material, the specimen's crystallographic orientation, as well as the nature, energy, 
and incidence angle of the primary beam of ions. Sputter rates vary between 0.5 and 5 nm/s 
and depend on primary beam intensity, sample material, and crystal orientation. The SIMS 
detection limits for most trace elements are between 1012 and 1016 atoms/cm³. 
 
Time of Flight-SIMS (TOF-SIMS) is based on the simple fact that ions with the same energy 
but different masses do not have the same velocity. Ions are accelerated by an electrostatic 
field to a common energy and travel to the detector. Measuring the flight time for each ion 
allows the determination of its mass. 
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Figure 2.43: Scheme of an ION-TOF TOF-SIMS [122] 
 
 
Figure 2.44: Principle of a time-of-flight detector [122] 
 
 With a TOF-SIMS, 3 types of measurements are possible: 
Surface spectroscopy (Analyze of the surface composition) 
Surface imaging (chemical maps of the surface) 
Depth profiling (successive removal of the atomic layers) 
Imaging of concentration distribution with a sub-micron mesh is possible. Retrospective 
analysis is a very powerful feature as every pixel of a ToF-SIMS map represents a full mass 
spectrum. This allows to retrospectively be able to produce maps for any mass of interest, and 
interrogate specific regions of the sample for their chemical composition via computer 
processing after the dataset has been instrumentally acquired. 
In order to determine the depth of the crater, a profilometer or an interference microscope 
are necessary, it is then possible to correlate the crater depth to the total sputtering time and 
convert the time dependent data from SIMS measurement to a concentration over depth data. 
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Chapter III: 
Experimental Part 
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III) Experimental part: 
 
1-Preparation of the samples and single crystals: 
 
1.1 Sample preparation: 
 
Samples were prepared using 2 different kinds of methods:  
 
- Solid state reaction 
It is the traditional way to prepare ceramics, it consists of mixing together appropriate 
amounts of the different oxide powders together. 
Press them uniaxially or isostatically in a form to increase contact surface and reaction 
between the different components and diminish contact surface with the crucible.  
The as-prepared pellets are then sintered at high temperature for a certain amount of time, in 
the appropriate atmosphere. After X-ray analysis of the resulting powder and if the reaction is 
not complete, the pellets are ground again and repressed and sintered again, until the wished 
product is purely obtained. All samples prepared using the solid state method were prepared 
from an original mix of powders in Isopropanol dried in an oven and pressed uniaxially while 
the powder was still warm in order to avoid cracks and powdering due to humidity. The 
synthesis was made using cycles of synthesis of 12 hours at 1473K in air. 
It is very important to pretreat the commercially available La2O3 powder at 1273K for 20 
hours in order to eliminate any hydroxide or carbonates, which forms very easily at ambient 
temperature in the presence of H2O and CO2 as reported by Bernal and al.
[124]
. NiO was as 
well preheated at 473K to avoid moisture. 
 
-Sol-gel preparation (Citrate route in our case) 
In this method stoichiometric amounts of the nitrates: La(NO3)3.6H2O and Ni(NO3)2.6H2O 
are diluted in as few water as possible, the chelating agent (citric acid) is added to the 
solution in ratio 3:1. The obtained dark green solution is subsequently heated on a hot plate at 
air to 343K, until the Sol is obtained and a further slow increase of the temperature to 353K 
gives the gel. 
This gel is then slowly heated up to 523K until the solid is formed, this step correspond to the 
chelation of the particles and release of the organic yellow fumes of NOX. This step result in 
the formation of a black xerogel of fine powder. 
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After milling the powder is slowly heated up to 873K in order to release the last NOX and 
further calcination for 6 hours at 1073K is performed.  
The obtained powder is then grounded and pressed in pellets, subsequently annealed at 
1473K. 
 
1.2 Rod preparation: 
 
A rubber tube was filled with the solid state reaction prepared powder (dried at 473K in an 
oven). This tube was knotted at both ends, suspended on a wire and put in a water filled press 
dye and subsequently isostatically pressed under 100 bars. After 30 minutes, the pressure is 
released and the rubber tube is cut to obtain a dense rod of around 300 mm and 8-10 mm 
diameter without breaking it. 
This rod was then sintered at 1473K for 72 hours, and cooled down slowly during 24 hours.  
This sintered rod is kept in a furnace at 773K until the time of use in order to prevent any 
effect of humidity. The rod is then cut carefully into 2 pieces (feed rod and seed rod and put 
into the image furnace. 
 
1.3 Preparation of the single crystal growth: 
 
The different single crystals were grown using the same method: The feed rod was fixed to a 
sample holder at the bottom of the furnace and the seed rod was suspended on the top arm of 
the machine. The centering of both rods is controlled and adjusted while slowly rotating both 
of them and the setup is finished when the two rods stay always in a straight line while 
spinning with a constant spacing of about 1 mm. The subsequent rods are then enclosed in a 
quartz glass tube and the flux of oxygen (1 bar absolute) is started.  
 
1.4 Single crystal growth using the floating zone method: 
 
When the two rods are enclosed in the quartz glass tube under an Oxygen flux and rotated in 
opposite directions for homogenous repartition of the heat, the lamps (as shown on figure 3.1) 
are heated up using a controlled increase of tension at a constant intensity of 11A up to the 
beginning of melting of the raw powder. The mirrors positioned behind the lamps reflect and 
focus that heat at the precise spot where the two rods almost meet. 
[124]-[125] 
For our purpose this occurs around 65 V which corresponds to approximately 700W.  
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Figure 3.1: Scheme of the principle of a mirror furnace (M: Mirror, L: Lamp) 
 
When the pinpoint of both rods start to melt, the feed rod is lowered till connection of the two 
rods. The tension is optimized in order to have 2 straight lines while revolving and the molten 
zone is homogenized during an hour (figure 3.2 a). Afterwards, the crystal is grown by 
moving the molten zone along the feed rod while lowering down the seed rod at the same 
speed. At first a few germs are present (figure 3.2 b), but with time we see a forced 
orientation of the seed rod in a single orientation, this orientation is called the preferential 
orientation of growth and is specific of each material, this direction is then present in all the 
crystal, along the translation direction of the rods in the furnace (figure 3.2 c) and the single 
crystal starts to grow homogeneously until the seed rod is consumed (figure 3.2 d). After 
growth the grown single crystal is disconnected during the beginning of the cooling 
procedure by a forced translation of the seed rod in the -z direction. A slow cooling of the 
furnace is mandatory to fix the oxygen stoichiometry of the sample. 
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Figure 3.2: Growth principle of a single crystal using the floating zone method 
 
1.5 Necessity of a NiO excess: 
 
Due to evaporation during the growth process (highlighted by the presence of green 
coloration of the quartz glass tube), single crystals were grown from powders with different 
NiO excess using the solid state synthesis. Without this excess, due to the lack of nickel, the 
grown crystal exploded at air after one day. A series of single crystals were subsequently 
prepared using the solid state method using excess of NiO of 1, 2, 4, 6, 8 and 10%. These 
crystals were crushed and analysed using XRD. As shown in figures 3.3 the product consists 
of a mixture of La2NiO4+δ and La3Ni2O7-δ. Measuring the maximal intensity of the (115) peak 
of the La3Ni2O7-δ phase we determined that single crystal is obtained with an excess of NiO 
of one percent as shown in figure 3.4. 
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Figure 3.3: X-Ray diffractogram of 3 different crushed single crystalline samples grown 
using, the stoichiometric amount of NiO (sample exploded after one day), 4% excess and 
10% excess, the last two displays the appearance of the (115) peak of the La3Ni2O7-δ phase 
(circle). 
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Figure 3.4: Linear relation between the intensity of the (115) reflection of La3Ni2O7-δ formed 
and the excess of NiO introduced in the sintering powder in crushed grown single crystals 
 
 
 77 
2- Characterization and orientation of the single crystals: 
 
2.1 Orientation of Single crystal using Neutron diffraction: 
 
Single crystallinity and purity of Single crystals after growth were first controlled using neutron 
diffraction (Laboratory Leon Brillouin CEA Saclay, France) on the 5C2 beam line with the help 
of A.Cousson. A single crystal piece of around 1 cm³ was set on the 4 circle diffractometer and 
rocking curves were registered for several reflexions. 
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Figure 3.5: Neutron rocking curves of the (400), (006) and (200) planes showing the high 
crystalline quality of the mono-domain single crystals. The FWHM correspond to the 
resolution of the 5C2 diffractometer (ORPHEE reactor Saclay, LLB, France) 
 
2.2 Orientation of single crystal pieces in order to cut oriented slices: 
 
After controlling the single crystal using neutrons, it is fixed on a goniometer head using wax 
and a first cliché is made using Laue Back-scattering diffraction as shown on figure 3.6.  
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Figure 3.6: Typical first Laue pattern of an as-grown single crystal 
 
This cliché is then analyzed with help of the software OrientExpress” and the orientation of 
the single crystal is determined. If the reorientation of the single crystal is not so trivial, it 
will be analyzed using IPDS measurement and the reciprocal matrix of orientation will be 
reconstructed from the different image plate images, as shown on figure 3.7. 
 
 
 
 
Figure 3.7: Positioning of the sample and result of the IPDS measurement 
Subsequently, fine adjusting of the sample in the right cutting orientation was realize by 
successive readjustment of the goniometer and Laue measurements as shown on figure 3.8.  
0° 18° 36° 54° 72° 90° 108° 126° 144° 162°
180° 198° 216° 234° 252° 270° 288° 306° 324° 342°
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Figure 3.8: Experimental setup of the Laue experiments, sliced single crystal and control of the 
orientation using the software OrientExpress 
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3- Cutting, grinding and polishing of the samples: 
 
The oriented samples had then to be cut in slices on a diamond wire saw (Well 
Diamantdrahtsägen GmbH, Mannheim, Germany) as shown on figure 3.9. After several 
trials, the best way to cut the sample was found to be using a 0.22 mm wire with a high speed 
in combination with Paraffine oil (KMF Laborchemie Handels GmbH, Lohmar, Germany), as 
a cooling fluid. In fact, water was making the crystal pieces fall apart, dry cutting was 
damaging the crystal and petroleum had a too low viscosity to stick to the wire while cutting.  
 
 
Figure 3.9: Cut oriented single crystal on the supporting goniometer head 
 
Grinding of the sample was required to have a flat surface; this was realized using products 
from Buehler (Buehler GmbH, Düsseldorf, Germany) apart from the alcoholic suspensions. A 
Minimet as well as a Vector machine and different SiC grinding papers with paraffine oil 
were used. Grinding using water leaded to the apparition of porosity as shown on figure 3.10. 
Isopropanol was used to clean the samples between the different grindings. 
 
Polishing of the sample was revealed to be inefficient using water containing diamond pastes 
due to the hydroxylation of Lanthanum, on the contrary polishing using water-free alcoholic 
suspensions  (Industrieservice Siegmund Bigott, Kaarst, Germany) on Trident polishing cloth 
leaded to a very high quality flat surface. Using diamond pastes and paraffin oil on Texmet P 
and G-Tuch leaded also to good results but the efficiency was lower than Alcohol basis 
suspensions due to a difference in homogeneity of the suspension. 
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Figure 3.10: Scanning Electron Micrographs (LEO/Zeiss 1450VP, Carl Zeiss NTS GmbH, 
Oberkochen, Germany) showing the difference between water polishing (a)                              
and water-free polishing (b) 
 
4- Effect of the atmosphere on polished (100) and (001) surfaces: 
  
4.1 Effect of air and humidity on single crystal surfaces: 
 
The samples are sensitive not only to water but also to humidity and must be preserved in an 
exsiccator under vacuum or in an oven maintained at 423K.  
 When the powder is not dried in an oven the appearance of white points can be seen 
due to La(OH)3 on powder samples. The appearance of white crystals growing along the 
polishing scratches on the (ab)-polished single crystal samples (figure 3.11 a) can also be 
seen.  
 
Figure 3.11: a) SEM image of a (100) sample let under air atmosphere showing white 
crystals growing along the polishing scratches. 
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4.2 Effect of water on the surface of single crystal pieces of La2NiO4+δ: 
 
Under ambient atmosphere (humid air) very small white colored surface spots of La(OH)3 are  
observed after several days (verified using XRD)and the powder is gluing on the beaker or  to 
the mortar. 
On the contrary, after a long period drying at 373K in a furnace, the powder is stable during 
months and easier to grind.  
On single crystalline sample it was shown that humidity also has an effect on the surface 
(previous paragraph). In order to enhance the effect, a single crystalline sample was partially 
coated with glue and immersed in water in a beaker for a week; results are shown on figure 
3.12. 
 
Figure 3.12: SEM images of the surface of a single crystalline sample showing the apparition of 
holes on the non-protected areas after one week in water. 
 
5- Isotopic enrichment and design of exchange apparatus: 
 
5.1 Isotopic exchange: 
 
Isotopic enrichment of La2NiO4+δ single crystal powder was realized using the apparatus 
shown on figure 3.13. The basic principle is that every chemical reaction is tending to 
equilibrium. For example: a sample of 500mg of La2NiO4+δ containing the natural isotopic 
composition of oxygen (0,205% of 
18
O) is in highly enriched 
18
O2 gas (98,1 % Chemgas, 
Boulogne, France), in order to have an exchange of 75% of 
18
O, it is necessary to have 
minimum the amount of gas necessary to have 75% of 
18
O remaining in the gas phase. The 
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exchange annealing was realized at a temperature of 1173K for 24 hours with a very slow 
cooling rate (10K/h) in order to keep the sample at the equilibrium stoichiometry at each 
temperature throughout the experiment. Weighing the difference between the product before 
isotopic exchange and after exchange as well as a mass spectrometry analysis of the gas 
phase inside the sample chamber after exchange permitted to determine the overall exchange 
of the sample to be 85%. 
 
Furnace
TE
Sample in Al2O3 crucible
18O2
97%
PR
MP
16O2 6.0
 
Figure 3.13: Apparatus developed in order to exchange 500 mg of crushed single crystal at > 
80% 
18
O. MP: Membrane pump; PR: Pressure reducer; TE: Thermo element 
 
5.2 Reasons for the setup a new diffusion apparatus: 
 
TGA at air of powdered and pieces of single crystal at different temperature ramp were 
realized on a Setaram SETSYS (Setaram instrumentation, Caluire, France) were realized in 
order to understand the relation between the change of stoichiometry during cooling ∆δ and 
the cooling rate. 4 experiments were performed on both kind of samples:  
5, 10, 15 and 20 K/min heating/cooling rates were used in measurements from room 
temperature to 1373K with a plateau of 6 hours at 1373K under air. At the end another 
plateau of 6 hours was recorded. 
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Figure 3.14: TGA result as well as temperature profile for a single crystal piece of 335,3 mg 
heated at a rate of 10 K/min.  
 
For each experiment, ∆δ was determined as presented on figure 3.14. On this figure we can 
see that the sample nearly recovered its starting weight i.e. δ at the end of the experiment and 
not the required high temperature δ. The change at 673K is due to phase transition from LTO 
(Bmab) to HTT (Fmmm or I4/mmm) phase. Each data was corrected for background effects 
(change of mass of the empty crucible). A recapitulation of the results is shown on figure 
3.15. The final conclusion of this experiment is that a cooling at a speed higher than 100 
K/min is necessary to have a change of δ lower than 1% during cooling and being able to 
study the real high temperature configuration. This can only be realized by quenching the 
sample in Liquid Nitrogen. 
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Figure 3.15: Extrapolation of the ∆δ (stoichiometry change) measurements for the single 
crystal and powdered single crystal of La2NiO4+δ. 
 
5.3 Design of a new 18O-16O exchange apparatus allowing sample quenching: 
 
In order to study self-diffusion of oxygen we used 
18
O-
16
O exchange. To avoid the 
change of stoichiometry of the sample with decreasing temperature while cooling down, a 
new apparatus was designed allowing quenching of the sample at the end of diffusional 
annealing by free fall in liquid nitrogen.  
In fact most experimental setups available in the world are based on the concept that 
the sample is first equilibrated into a 
16
O atmosphere, cooled down by removing the sample 
from the furnace and subsequent reannealing of the sample in 
18
O atmosphere for the desired 
time 
[127]
, at the end of the desired annealing time, the sample is cooled down at air while 
sliding the furnace away from the sample and, while at room temperature, 
18
O is recovered.  
 
The usual procedure has two bad points in order to determine the true diffusion 
coefficients of oxygen in La2NiO4+δ: first, cooling down the sample with a simple sliding of 
the surface will not be fast enough to freeze the high temperature stoichiometry of the sample 
(cooling rate < 100K/min), furthermore (consequence related to the first one), cooling down 
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the sample between the annealing and the diffusion will lead to a return of the sample non-
stoichiometry to the usual room temperature value, which will cancel the effect of the 
equilibration. 
 
Therefore the apparatus shown on figure 3.16 was designed.  
 
Its working procedure is the following: 
1) The sample is enclosed into an ampoule which is then sealed using an H2/O2 hand burner 
and cooled down using vacuum.  
2) The closed ampoule is connected to the 18O-16O exchange apparatus and subsequently 
evacuated and all the air is removed by performing several Argon-Vacuum cycles. 
3) The ampoule is filled with the corresponding 16O2 pressure as shown on figure 3.17 and 
the furnace is rapidly heated up to the required temperature. 
4) The sample is annealed in a 1000±1 millibars absolute atmosphere for a time > 10 times 
the diffusion time. 
5) The 16O2 atmosphere is replaced by an 
18
O2 (98.1 % Chemgas, Boulogne, France) 
atmosphere through a rapid evacuation-refill of the ampoule (takes around 40 seconds 
with a change of temperature < 1K) as shown on figure 3.18 
6) At the end of the required diffusion time, the sample is quenched by breaking the 
ampoule at the designed position, as displayed on figure 3.16 and quenched through a 
free fall into a liquid nitrogen filled Dewar. 
 
Temperature on the surface of the ampoule and pressure in the ampoule are controlled and 
monitored throughout the experiment as a function of time. 
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18O2
97%
MP
MFC
16O2 6.0Ar 6.0
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Furnace
PR
DM
LN
Sample
Break here
for quenching
 
Figure 3.16: Apparatus developed in order to be able to quench samples after diffusion 
annealing in 
18
O2. MFC: Mass Flow Controller; PT: Pressure Transducer; MG: Magnetic 
Gauge; PR: Pressure Reducer; MP: Membrane pump; DM: Digital Manometer; LN: Liquid 
Nitrogen for quenching 
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Figure 3.17: Determination of the pressure needed at room temperature to have 1 bar 
absolute at the desired diffusion temperature. 
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Figure 3.18: Determination of the gas change effect on temperature and pressure of the 
apparatus, P and T are back to the desired values after less than 60 seconds. 
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5.4 Apparatus to study 18O diffusional release from 18O pre-annealed powders: 
 
Diffusion analysis of powders is a field which is not yet so common, few authors reported on 
thermal gravimetric kinetic analysis 
[128]
 as well as some TPD 
[129]
 and adsorption-desorption 
experiments 
[130]
. These experiments focused on the kinetics of surface reaction of powders 
and never expected a diffusion controlled mechanism except a newly published pulsed 
experiment (Bouwmeester 
[98]
), focusing on surface diffusion in order to determine the k 
values.  
 
The temperature programmed experiment work, as follow: 
 
1) around 50 mg of previously enriched powder (through the method presented previously 
in this thesis) is enclosed on a frit in a 5 mL reactor as shown on figure 3.19.  
2) The reactor is connected to the 18O-16O exchange apparatus through Ultra-Torr® 
connections and subsequently evacuated. All the air is removed by performing several 
Argon-Vacuum cycles. At the same time leak tightness is controlled and a flow of 
16
O2 
through the reactor is started. The analysis of the gas getting out of the reactor using the 
GPMS is recorded all through the experiment. 
3) When the Mass Spectrometer shows the natural isotopic composition of oxygen, the 
sample is kept at room temperature under flowing oxygen for 6 hours. 
4) Heating of the sample at the required rate is then started. 
5) At the end of the required heating ramp, the sample is kept at the peak temperature for 
several hours and then cooled down rapidly at a rate of 120K/h. 
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Figure 3.19: Apparatus developed in order to follow release of 
18
O by powders previously 
equilibrated in an 
18
O2 rich atmosphere. MFC: Mass Flow Controller; PT: Pressure 
Transducer; MG: Magnetic Gauge; PR: Pressure Reducer; MP: Membrane pump; DM: 
Digital Manometer; TDP: Turbo Drag Pump; GPMS: Gas Phase Mass Spectrometer 
equipped with a quadrupole detector. 
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The same apparatus can be used in order to make isothermal diffusion measurements on 
powders; the protocol used in this experiment is slightly different: 
 
1) Around 50 mg of powder is enclosed on a frit in a 5 mL reactor as shown on figure 3.19.  
2) The reactor is connected to the 18O-16O exchange apparatus through Ultra-Torr® 
connections and subsequently evacuate under vacuum and all the air is removed by 
performing several Argon-Vacuum cycles. At the same time leak tightness is controlled 
and a flow of 
16
O2 through the reactor is started. The analysis of the gas getting out of the 
reactor using the GPMS is recorded through all the experiment. 
3) When the Mass Spectrometer shows the natural isotopic composition of oxygen, the 
sample is kept at room temperature under flowing oxygen for 6 hours 
4) Under flowing 16O2 the furnace is rapidly heated up to the required temperature. 
5) The sample is annealed in a 1000±1 millibars absolute atmosphere for a few hours in 
order to equilibrate the sample at the desired temperature.  
6) The 16O2 atmosphere is replaced by an 
18
O2 (98.1 % Chemgas, Boulogne, France) 
atmosphere through a rapid evacuation-refill of the sample chamber. 
7) The sample is then kept under the same atmosphere and temperature (control through 
permanent pressure measurement using the pressure transducer and recording of the 
temperature) and the GPMS is disconnected from the reactor outlet and kept at air.  
8) At the end of the equilibration time, the GPMS is reconnected to the reactor as late as 
possible to hinder dead volume effects and the “out reactor” is filled with flowing 
16
O2 
through a vacuum-
16
O2-vacuum-
16
O2 cycle. When the pressure in the “out reactor” region 
has reached atmospheric temperature, the MFC is set to 1mL/min and the inlet and outlet 
valves of the reactor are opened to let the pure 
16
O2 flow through the reactor until the 
QMS, to analyze the composition of the released gas phase.  
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Chapter IV: 
Anisotropic surface modification of 
La2NiO4 single crystals 
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High temperature stability over a long period of time is required for possible applications. 
In order to study this phenomenon, single crystal pieces were prepared in order to study the 
possible morphological and structural change. Two kinds of samples were prepared:  
- Samples cut ^ to the c axis (have both a and b axis in the plane of the sample) (001) 
- Samples cut // to the c axis (to have the b and c axis in the plane of the sample) (100) 
The experiments listed in table 4.1 were performed.  
 
Surface 
orientation Atmosphere 
Temperature 
(K) 
Time 
(days) 
(100) (001) 
Remarks 
1273 6 A B  
1473 3 C D  
1673 2 E F  
13 G H  
10 ä 2 I J 
Regrinding of the surface between the 
2 annealing 
13 K 
Cube with 6 polished surfaces, (100), 
(010) and (001) (2ä) 
Air 
1273 
26  L  
1043 12 M N CO2/N2/O2 
20/60/20 1273 13 O P 
La2NiO4 crushed crystal bed as well 
as Sol Gel prepared powder 
Q R La2NiO4 crushed crystal bed 
S T NiO bed 
U V La2O3 bed 
N2/O2 
80/20 
1273 13 
W X 
La2O3 bed enclosed in a ring (no gas 
phase transport) 
 
Table 4.1: Name used in order to describe the samples in the following chapter and 
correspondence with experimental conditions. Purities of the different gases are CO2: 5.0, N2: 
6.0 and O2: 6.0 (gases from Westfalen AG, Münster, Germany) and the compositions were 
set using mass flow controllers (MKS, ASTeX GmbH, Berlin, Germany). Experiences under 
synthetic atmospheres were realized with less than 20 ppb H2O. This was realized by 
preliminary flowing the mixture through an Hydrosorb® cartridge (Air Liquide, Paris, 
France).  
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Surface (100)
Crystallites of La3Ni2O7-δ and La4Ni3O10-δ
Surface (001)
Crystallites of La4Ni3O10-δ
a
b
c
 
Figure 4.1: Simple picture of the morphological change observed and explanation of the 
name of the different surfaces. 
 
Using samples A to F, we studied the temperature effect on the surface morphology. The 
effect of time of annealing was studied using samples G to L (kinetic). And comparing 
samples G, H, O, P, Q and R we studied the effect of a change of the atmosphere composition. 
Samples S to X were prepared in order to study the thermodynamic of this phase change. 
 
These samples were then polished down to a roughness of 20 nm using diamond paste and 
paraffin oil as described in section III.3 of this thesis. After cleaning using isopropanol and 
hexane in an ultrasound bath, the samples were placed in a covered Al2O3 crucible and 
annealed in the righteous conditions. At the end of the annealing time, each sample was 
quenched in air. The surfaces of the samples were then examined using SEM and EDX on a 
LEO/Zeiss 1450VP microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany). Routine 
Scanning Transmission Electron Microscopy (STEM), High Resolution Transmission 
Electron Microscopy (HRTEM) and Selected Area Electron Diffraction (SAED) 
measurements were performed using a FEI Tecnai F20 microscope (FEI, Eindhoven, The 
Netherlands) equipped with Energy Filter (Gatan GIF 2000), EDXS and HAADF Detectors. 
Aberration Corrected HRTEM and STEM measurements were carried out with two different 
FEI Titan 80-300 with the help of Dr. Juri Barthel (Forschungszentrum Jülich). 
The studied lamellae were prepared as follow: Thin cross sections perpendicular to the 
sample surface were prepared using Focused Ion Beam (FIB) machining (FEI Strata 205 
operated at 30kV with a beam current around 1 nA). The surface of the sample was protected 
against the ion beam by electrodeposition of a tungsten layer of approx. 3 µm thickness. The 
in situ lift-out of the lamella was realized using a nanomanipulator (Klocke Nanotechnik 
GmbH, Aachen, Germany). The resulting lamellas were thinned to a final thickness of less 
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than 50 nm. For EDXS measurements, the La/Ni ratio represents the ratios between 
intensities La Lα1 and Ni Kα1 with error around 0.2%.  
 
1- Temperature effect under ambient air: 
 
Using samples A to F, we studied the temperature effect on the surface morphology. We first 
noticed a change of the morphology of the surface with time using samples A and B, the 
results of SEM microscopy images are shown in figure 4.2.a and b respectively. The same 
treatment was applied to polycrystalline material.  Depending on the grain orientations, a 
different morphology of the surface of each grain was observed as shown in figure 4.2.c. In 
order to determine if the effect was just a surface effect (due to the atmosphere the sample 
was subjected to) a cross sectional measurement was realized on both the single- and 
polycrystalline sample and revealed no change in bulk (figure 4.2.d). TEM measurements are 
displayed in figure 4.3. They revealed the apparition of extra reflections marked with a circle 
on the SAED patterns as well as extended stacking disorders in the [001] direction on the 
lamella coming from sample A. On the other hand, EDXS of the surface of sample A (area1) 
showed a change of La/Ni ratio in the crystallite layer to La3Ni2O7-δ; on sample B, the sides of 
the “pit” (point1) changed to a composition close to La4Ni3O10-δ as shown in figure 4.4. 
 
 
Figure 4.2: SEM micrographs of the surface of a) sample A, b) sample B, c) polycrystalline 
sample, d) cross-section of a single crystal after 6 days annealing at 1273 K 
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Figure 4.3: a) BF image of the lamella taken from sample A b) SAED pattern of bulk 
La2NiO4+δ [331] c) BF image of a detail of the crystallite layer. d) SAED pattern of c where 
appears extra reflections (marked with a white circle)  
 
 
Figure 4.4: EDXS analysis of a lamella cut from samples A and B respectively showing a 
change of the composition of the near-to-surface region to La3Ni2O7-δ and La4Ni3O10-δ 
respectively. 
 
Other investigations were carried out at higher temperatures: 1473K for 3 days and 1623K for 
2 days. Investigations using SEM, EDX as well as IM were carried out and revealed a 
different morphology of the surface (figure 4.5).  
 
 97 
 
Figure 4.5: SEM micrograph of samples C, D, E and F 
 
On Samples C and E the number of crystallites as well as their size grew with time and 
temperature. The roughness of the sample after 3 days at 1623K multiplied more than 60 
times as measured using IM. No strong variation of the cationic ratio was noticed in the 
precision range of our EDX. 
On sample D, the same structure as observed on sample B was noticed and the step-wise 
shape of the sides of the pits was noticed. On sample F islands formed in the same orientation 
as the pits which were observed on sample B and an enrichment of La could be noticed on 
both samples, due to the high vapor pressure of NiO at this temperature.  
These temperatures were not further investigated as it was clear that the Lanthanum 
enrichment seen on sample D and F is related to NiO vaporization and not to the phenomenon 
observed at 1273K. 
 
HTXRD in-situ measurement was carried out in air on a Stoe Theta-theta diffractometer 
(Stoe & Cie GmbH, Darmstadt, Germany) equipped with a Buehler high temperature 
chamber HDK 1.4 (Edmund Bühler GmbH, Hechingen, Germany) in the θ−θ geometry on 
crushed as-grown single crystal powder and revealed the apparition of peaks belonging to the 
higher order RP-phase La3Ni2O7-δ as shown in figure 4.6. The poor signal to noise ratio as 
well as the low quality of data did not allow any refinement of the data. Further ex-situ XRD 
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measurements at different temperatures and different atmosphere revealed the formation of 
the RP-phase La3Ni2O7-δ when T > 1173K. No presence of NiO was found and La2O3 was 
only noticed under vacuum.  
 
Figure 4.6 HTXRD measurement results showing the appearance of two intense peaks 
(marked with an ellipse) corresponding to the (115) and (220) reflections of La3Ni2O7-δ 
respectively. For better understanding, an offset of 1000 has been applied for each 
measurement. 
 
The effect of time of annealing was studied using samples G to L. In order to get a better 
insight on the mechanism, samples G and H were prepared. Figure 4.7 shows a top-view SEM 
image of sample G. Significant surface roughening is observed, with an increase of the 
average roughness from 20 nm before heat treatment to about 500 nm after the annealing. 
The surface is decorated with needle and plate-shaped crystallites, the smaller of which 
appear to be oriented preferentially in the [010] direction. Larger crystallites appeared 
randomly oriented. Examination of the surface by EDXS in an SEM yielded, within the 
accuracy of the method, no noticeable change of the chemical composition as compared to 
the bulk. 
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Figure 4.7: SEM image of sample G showing its orientation and the growth of crystallites 
 
On the surface of sample H, flat crystallites have formed with a preferential edge orientation 
parallel to [100] and [010] directions, which was confirmed by Laue backscattering x-ray 
diffraction measurements. Between the crystallites, square-shaped holes are observed as can 
be seen in figure 4.8. 
 
 
Figure 4.8: SEM image of sample H showing its orientation and the growth of “islands” and 
“pits” 
 
Four lamellae were prepared using the FIB method described earlier as shown in figure 4.9 
from the (100) and (001) single crystal surfaces (respectively samples G and H). These 
lamellae will be referred to as 1, 2, 3 and 4 in the following. 
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   Sample G                                            Sample H 
.  
Figure 4.9: Schematic representation of the preparation and orientation of the different FIB 
lamellas 
 
A HAADF-STEM micrograph from lamella 1 is shown in figure 4.10. And comparing it to 
samples G, H, O, P study the effect of change of the atmosphere composition. 
 
Samples S to X were prepared in order to study the thermodynamic of this phase change. 
Underneath the tungsten top layer (surface protection layer), surface crystallites embedded in 
the bulk phase are visible. TEM bright field images of selected crystallites are shown in 
figure 4.11.  Investigation by SAED clearly indicates that the structure and orientation of the 
surface crystallites is different from the bulk phase (insets of figure 4.11.a). 
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Figure 4.10: HAADF-STEM micrograph of lamella 1 showing presence of well defined 
crystallites 
 
Figure 4.11: SAED Diffraction patterns with the corresponding BF pictures of lamella 1 a) 
Crystallite La3Ni2O7-δ (Fmmm) [110] and bulk La2NiO4+δ (Fmmm) [001] ; b) Crystallite 
La3Ni2O7-δ (Fmmm) [130]; c) Crystallite La4Ni3O10-δ (Fmmm) [451];   d) Crystallite 
La3Ni2O7-δ (Fmmm) [120] 
 
Evaluation of SAED patterns recorded from the bulk confirms the [001] orientation of the 
original La2NiO4+δ phase. SAED patterns of the surface crystallites correspond to the 
Ruddlesden-Popper (RP) phases La3Ni2O7-δ (figure 4.11.a-c) and La4Ni3O10-δ (figure 4.11.d), 
which differ from the bulk by the stacking sequence along the c-direction. The crystallite 
growth occurs in crystallographic orientations which are different from the orientation of the 
bulk. A common feature that is observed in all SAED patterns is the (001) plane orientation 
along the direction of preferential growth (long crystallite axes) whereas the c-
crystallographic direction points towards a short crystal axis. This suggests that the diffusion 
of cations parallel to the (001) planes might be much faster than parallel to the c-direction. 
The extra reflections marked with a circle in figure 4.11.d may be attributed to the presence 
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of stacking disorders in the [001] direction. Figure 4.12 shows HRTEM images of the 
interface of a La3Ni2O7-δ crystallite (figure 4.12.a) and a La4Ni3O10-δ crystallite (figure 
4.12.b) in contact with the La2NiO4+δ bulk phase. The image contrast shows clearly the 
stacking of the (001) planes. One of the in-plane axes (a or b) in the surface crystallite is 
nearly parallel to the corresponding in-plane axis of the bulk phase. On the other hand, the 
SAED patterns indicate that the c axes of the crystallite and the bulk phase seems to be 
oriented perpendicular to each other in all cases shown in figure 4.11. 
 
 
Figure 4.12: HRTEM micrographs of Lamella 1 a) interface between La2NiO4+δ (bellow 
[001]) and the near to surface phase La3Ni2O7-δ showing a well defined interface and the 
orientation change between the phases ; b) interface between La2NiO4+δ (bellow [001]) and 
the near to surface phase La4Ni3O10-δ 
 
SAED pattern presented in figures 4.13.a-c were obtained from FIB lamella 2 and represent a 
view along the (001) planes of the La2NiO4+δ bulk phase. Dark lines in the bright-field image 
(figure 4.13.a) indicate the presence of stacking faults along the c axis. The latter are also 
responsible for the extra reflections observed in the corresponding SAED pattern. Again, the 
diffraction patterns of the surface crystallites correspond to the phases La3Ni2O7-δ (figures 
4.12.a-b) and La4Ni3O10-δ (figure 4.13.c). HRTEM images of surface crystallite/bulk 
interfaces taken from lamella 2 are shown in figure 4.14. As with lamella 1, a significant 
mismatch of orientation between the bulk phase and the crystallite is observed. 
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Figure 4.13: SAED Diffraction patterns with the corresponding BF pictures of lamella 2. a) 
Crystallite La3Ni2O7-δ  (Fmmm) [001] extra-reflections appear due to the displacement of O 
atoms in the (ab) plane and bulk La2NiO4+δ (Fmmm) [010], extra-reflections are due to some 
stacking faults in the c-crystallographic direction ; b) Crystallite La3Ni2O7-δ (Fmmm) [121], 
extra-reflections appear and might be due to the displacement of O atoms in the (ab) plane ; 
c) Crystallite La4Ni3O10-δ (Fmmm) [100] 
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Figure 4.14: HRTEM micrographs of lamella 2. a) Interface between La2NiO4+δ (lower 
bright part) and the near to surface phase La3Ni2O7-δ (upper dark part) showing a well defined 
interface and the orientation change between the phases; b) interface between La2NiO4+δ 
(right) and the near to surface phase La4Ni3O10 
 
An EDXS (energy dispersive X-ray spectroscopy) line scan was performed in the surface 
near region of lamella 2 along the interface between a La3Ni2O7-δ crystallite and the bulk 
phase (figure 4.15). At the interface, a significant drop of the Lanthanum Lα1 line intensity, 
along with an increase of the Nickel Kα1 intensity is observed. The normalized La/Ni ratio 
drops in this area from 2 to 1.5, indicating the transition from La2NiO4+δ to La3Ni2O7-δ.  
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Figure 4.15: a) STEM micrograph of lamella 2 with EDXS scan line indicated. b) Results of 
the line scan. Ratio of Lanthanum and Nickel intensities is normalized to be equal to 2 in bulk 
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Bright field images obtained from lamella 3 (figure 4.16) show that new phases has been 
formed at the (001) surface of the La2NiO4+δ single crystal. Images for lamella 4 are not 
shown as being identical to the ones obtained for lamella 3. The surface crystallites are 
shaped as square or rectangular flat plates. The long crystal axes of these crystallites are 
parallel to the initial surface. In contrast to the (100) surface, a continuous interface layer is 
observed which separates the surface crystallites from the bulk phase. This interlayer spreads 
all over the (001) surface of the single crystal. 
 
 
Figure 4.16: SAED Diffraction patterns with the corresponding BF pictures. The pattern of  
the face near the surface represent a superposition of La3Ni2O7-δ (Fmmm) (circle), La2NiO4+δ 
(Fmmm) (triangle) and La4Ni3O10-δ (Fmmm) (square) in the [010] direction and bulk 
La2NiO4+δ (Fmmm) [010] 
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SAED patterns taken from the surface-near region contain a complex arrangement of 
reflections corresponding to the phases Lan+1NinO3n+1 for n=0, 1, 2, 3 as well as a smooth 
broadening of the reflections in the c- direction due to stacking faults at the interface between 
the different phases (figure 4.16). The SAED pattern of the bulk indicates that the new phase 
near the surface and the bulk phase have exactly the same orientation, but a different stacking 
sequence of the perovskite (LaNiO3) and the rock-salt structured (LaO) layers. This is 
confirmed by HRTEM images of the surface phase (figure 4.17.a) and the bulk phase (figure 
4.17.b).  
 
 
Figure 4.17: HRTEM micrographs of lamellae 3 and 4: a) bulk La2NiO4+δ with a stacking 
fault ; b) La4Ni3O10-δ surface phase ; c) interface between La2NiO4+δ and the near to surface 
phase La4Ni3O10-δ showing a bright disordered interface in the c direction. 
Broad disordered 
interface 
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Figure 4.18: STEM micrograph of lamella 3 with EDXS scan line indicated. b) Results of the 
line scan. Ratio of Lanthanum and Nickel intensities is normalized to be equal to 2 in bulk 
 
Stacking period lengths of 2.8 (±0.1) nm and 1.3 (±0.1) nm have been determined from figure 
4.17 for the surface and the bulk phase, respectively. These lengths match well with the unit 
cell parameters of La4Ni3O10-δ and La2NiO4+δ. Figure 4.17.c indicates that the transition of 
the bulk phase (lower part of figure 4.17.c) to the surface phase (top part of figure 4.17.c) is 
accompanied by formation of a disordered interlayer which contains a complex stacking 
sequence along the c- direction. EDXS line scan revealed a slight decrease of the La/Ni ratio 
in the phase close to the surface (figure 4.18) which is in accordance with SAED and 
HRTEM results. 
  
Further investigations were carried out using aberration-corrected HRTEM and STEM. These 
measurements revealed the local structure of crystallites and cleared out the fact that the 
extra-reflections seen in the SAED patterns (for example on figure 4.13.a2) were not coming 
from interstitial oxygen ordering contribution, but from stacking faults in crystallites. As 
shown in figure 4.19, stacking faults in the crystallites are respectively a LaNiO3 layer more 
or less in the La3Ni2O7-δ (figure 4.19.a) and La4Ni3O10-δ (figure 4.19.b) which may comfort 
the idea that the crystallites are changing from La3Ni2O7-δ to La4Ni3O10-δ while growing. 
Figure 4.19-21 kindly done by J. Barthel. 
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Figure 4.19: Bragg filtered as well as structure overlap Aberration Corrected HRTEM images 
of a) a La3Ni2O7-δ and b) a La4Ni3O10-δ crystallites showing the presence and the character of 
stacking disorders. 
 
The stacking of the islands growing on the (001) surface (Lamella 3 and 4) of sample H 
(figure 4.8) were as well studied using HRTEM as well as STEM. It was possible to 
determine precisely the positions of oxygen atoms in the lattice and showed that the stacking 
over the first few unit cells as shown in figure 4.20.c is quite random. STEM is more 
sensitive to element contrast and a picture of the stacking is presented in figure 4.21. 
 
 
Figure 4.20: a) Aberration corrected HRTEM images of a La3Ni2O7-δ crystallite in the [110] 
direction where we can recognize single oxygen columns. b) BF image showing the studied 
area (white point) c) Stacking of perovskite and rock salt layers in the [001] direction 
showing the disordered stacking at the interface between La2NiO4+δ and La4Ni3O10-δ 
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rock salt layer
La
 
Figure 4.21: Aberration corrected STEM images showing a) a step of discontinuity as well as 
b) the ordering of the perovskite layers in the [001] direction 
 
In order to outlaw the hypothesis that the Nickel–rich RP-phases were forming due to a 
redistribution of excess nickel remaining from growth inside the crystal, samples I and J were 
prepared. After the first annealing the same structure as what was observed on samples G and 
H were observed respectively (figure 4.22.a-b). Before annealing it again at the same 
temperature for the same time, a thick layer of several microns was ground off the surface. 
The surface was well polished to obtain a surface of the same quality of before the first 
annealing. Figures 4.22.c-d displays the morphology of the surface after the second annealing 
which is qualitatively identical to the result of the first annealing. 
 
Figure 4.22: SEM of the surface of samples I (a, c) and J (b, d) after first (a, b) and second (c, 
d) annealing with regrinding of the surface in-between. 
b) a) 
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A further insight on the mechanism was understood using sample K from which the 6 surfaces 
were polished. Sample K had its 6 surfaces oriented with Laue backscattering diffraction and 
cut using a diamond wire saw. After polishing of the 6 surfaces, it was annealed for 13 days 
in air on a La2NiO4+δ powdered single crystal. After annealing, we noticed that crystallites 
growing on the (100) and (010) surfaces decorate preferentially the near-edge regions close to 
the (001) surfaces as shown in figure 4.23. This would suggest that growth of the crystallites 
involves a transfer of Ni from the (001) surface to the (100) and (010) surfaces through bulk 
diffusion. 
 
Figure 4.23: a-c SEM imaging of sample K of the (100) surfaces, d-f (010) surfaces, g-i (001) 
surfaces. The arrows show the direction of the [001] axis. 
 
In order to study the long-term effect, as well as for a better understanding of the structure 
and growth mechanism of the crystallites on the (100) surface, sample L was prepared. On 
these samples we noticed larger crystallites which were therefore easier to study using SAED 
and HRTEM. The SEM images shown large crystallites on the surface, as well as a 
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roughening of the crystallographic (001) planes which appear to be sliding outwards of the 
sample in the [100] direction (figure 4.24). 
 
Figure 4.24: SEM micrograph of sample L taken on a ZEISS DSM 982 Gemini microscope 
(Carl Zeiss NTS GmbH, Oberkochen, Germany)  
 
Lamellae for TEM measurements, were thereafter prepared from this sample in the [001] as 
well as [010] directions and subsequently studied using HAADF, EDXS, BF, SAED, 
HRTEM as well as aberration corrected STEM.  
On the first lamella with the bulk in the [001] direction (cut along the direction b shown in 
figure 4.24), it is seen, as on sample G, that extra-reflections or streaking due to extended 
stacking defaults are present on the SAED patterns shown on figures 4.26.3 and 4.26.4). 
Figure 4.26 show SAED measurements performed on the crystallites marked in figure 4.25. 
 
 
Figure 4.25: STEM BF image of the first lamella bulk in the [001] direction 
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Figure 4.26: SAED patterns of the respective crystallites. This shows that crystallites 1 and 2 
are both La4Ni3O10-δ and oriented in the [110] direction with a streaking in the [001] direction 
of the crystallite. It is also to notice that for both crystallites, the short dimension is directed 
in the [001] direction. On the contrary, crystallites 3 and 4 have different orientations and 
they both belong to the La3Ni2O7-δ phase and extra-reflections are present related to streaks in 
the [001] direction. 
 
EDXS measurements of crystallites 1 and 2 are in good agreement with the SAED patterns 
(figure 4.27) 
 
Figure 4.27: EDXS measurement from crystallites 1 and 2 
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A second lamella with the bulk in the [001] direction was cut along the c direction shown in 
figure 4.24, extra-reflections or streaking due to extended stacking defaults in the [001] 
direction are present, the crystallites marked on the HAADF image (figure 4.28) of the 
sample were measured using SAED. 
 
Figure 4.28: STEM BF image of the first lamella bulk in the [100] direction 
 
 
Figure 4.29: SAED patterns of the respective crystallites shown on figure 4.28. The first 
pattern is pattern from the bulk where extra reflections are observed due to stacking disorder 
in the [001] direction as you can see on the BF image. 
  
This shows that crystallites 1 and 2 have different orientations and they both belong to the 
La3Ni2O7-δ phase and extra-reflections are present on the pattern of crystallite 2 related to 
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streaks in the [001] direction. Spots coming from double diffraction appear in crystallite 1 
due to stacking faults (ellipse). On the other hand, crystallites 3 and 4 are both La4Ni3O10-δ 
and oriented in the [110] direction with a streaking in the [001] direction of the crystallite. It 
is also to be noticed that for both crystallites, the short dimension is directed in the [001] 
direction. In the pattern of crystallite 3, we can see additional reflections belonging to a 
second crystallite (black circles). 
 
The EDXS measurements realized in the Tecnai TEM are in good agreement with the SAED 
patterns (figure 4.30) 
 
 
Figure 4.30: EDXS measurement from crystallites 1, 2, 3 and 4 
 
On this sample, supplementary HRTEM measurements showed the presence of the 
precedently seen shallow interface between crystallite and bulk (figure 4.31). Stacking period 
lengths of 2.1 (±0.1) nm and 1.3 (±0.1) nm have been determined from figure 4.31 for the 
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surface and the bulk phase, respectively. These lengths match well with the unit cell 
parameters of La3Ni2O7-δ and La2NiO4+δ. Crystallite 4 was additionally analyzed with 
aberration corrected STEM (figure 4.32 kindly provided by J. Barthel) and showed a 
discontinuity of the “LaO” layers at the interface bulk-crystallite. 
La3Ni2O7-δ [100]
La3Ni2O7-δ [100]
La2NiO4+δ [100]
La2NiO4+δ [100]
5 nm 5 nm5 nm
Atomic 
interface
a) b) c)
 
Figure 4.31: b) HREM images showing the atomic interface between a La3Ni2O7-δ crystallite 
(a) and the bulk La2NiO4+δ (c) 
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Figure 4.32: Aberration Corrected STEM images of crystallite 4. Areas 1, 2 and 3 were 
investigated and yellow lines mark LaO layers in the bulk, white lines mark LaO layers in the 
crystallite and red circles mark La columns. 
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2- CO2 effect under a CO2 rich atmosphere: 
 
Samples M, N, O and P were put on a bed formed by 200 mg of crushed single crystal powder. 
The Oxygen activity was maintained at the same level as during the other experiments (0.2 as 
in air). A flow of 100 mL/min was set by the use of 3 mass flow controllers. Subsequently, 
each sample was quenched in air after different annealing times. 
 
At 1043 K, no real change of the surface was noticed by the mean of SEM as well as EDX. A 
time dependent measurement of sol gel prepared as well as single crystalline powders by 
XRD did not reveal any change either as shown on figure 4.33. It was possible to index every 
reflection as belonging to La2NiO4+δ. It is to notice a slight La2O3 impurity in the Sol Gel 
powder present all along the experiment (circle). 
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Figure 4.33: XRD measurements STOE Stadi-P (Stoe & Cie GmbH, Darmstadt, Germany) 
after 0, 9 and 12 days at 1043 K in a CO2 containing atmosphere. Comparison of crushed 
single crystal (SC) as well as Sol Gel prepared powder (SG) showing no change of the 
modification of the powder over time. 
 
SEM imaging of the surface at the different times did not reveal any specific reaction of the 
surface and no carbonate or composition change was observed. EDX of the surface after 12 
days did not show any change in the La/Ni ratio as shown in figure 4.34. 
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1,982,032,062,032,031,882,012,022,032,05(100)
2,112,112,092,062,082,032,142,10(001)
10987654321Spektrum
 
Figure 4.34: SEM and EDX results of respectively the samples M and N  
 
At 1273 K, the same modification of the surface as previously seen in airoccurs on samples O 
and P as shown in figure 4.35. This statement tells us that the previously discussed 
anisotropic modification of the surface of single crystal pieces is not due to CO2. EDX 
measurement shown a smooth decrease of the La/Ni ratio where crystallites appear (light 
contrast).  
 
2,021,851,962,052,001,971,641,942,052,002,002,042,021,822,01(100)
2,062,142,072,112,102,032,09(001)
151413121110987654321Spektrum
 
Figure 4.35: SEM and EDX results of respectively samples O and P 
 
XRD of the crushed single crystal (figure 4.36) did not reveal any new peak which confirms 
that this phenomenon is a surface effect. 
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Figure 4.36: XRD measurements after 0, 2, 4, 6, 8, 10 and 13 days at 1273 K in a CO2 
containing atmosphere of crushed single crystal. 
 
A FIB lamella in the [100] direction was prepared from sample O. The results of analyses 
using STEM and EDXS are shown on figure 4.37. It is noticeable that the composition of the 
crystallites as well as the bulk is not affected by the CO2 atmosphere which was surrounding 
the sample during the annealing. 
 
 
Figure 4.37: EDXS of different crystallites grown on the surface of sample O 
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3- Experiments under CO2 and H2O free atmosphere: 
 
The gas mixture was flowed over the sample in a quartz tube at a rate of 20 mL/min. In order 
to understand the phenomenon responsible of the morphological change described in the 
above sections, we tried to fix the thermodynamic activity of Nickel or Lanthanum using 
different beds under the sample: La2NiO4+δ crushed single crystal powder, La2O3 free to 
atmosphere, La2O3 enclosed in an Al2O3 ring without gas phase transport and a NiO bed.  
 
The purpose of placing samples on an La2NiO4+δ bed was to study is the suppression of a 
chemical potential gradient was able to hinder the morphological changes of the sample. And 
comparing it to samples G, H, O, P study the effect of change of the atmosphere composition. 
 
Samples S to X were prepared in order to study the thermodynamic of this phase change. It is 
important to note that for NiO, the activity of Nickel is not fixed due to the presence of the 
higher RP-phases on this side of the phase diagram shown on figure 2.10. The chemical 
potential of Nickel will decrease along the experiment as Nickel-rich RP-phases will form. 
 
In order to fix the activity of Lanthanum in the La-Ni-O system La2O3 was used, because no 
Lanthanum-rich phase exists on the Lanthanum rich side of the La2NiO4+δ compound. The 
major problem working with Lanthanum is that La is very easily binding to any elements like 
Sulfur, Carbon (carbonatation), Silicon, Phosphorus or Hydrogen (forming hydroxides in 
presence of water). It is a very reactive ion and has usually a high coordination number in 
compounds due to its free 4f orbitals. We first tried to do this bed experiment in normal air, 
but the bed turned rapidly to single phase La(OH)3, therefore the use of a water free 
atmosphere was crucial for the reliability of the experiment. Two different experiments were 
realized one with opened contact to the atmosphere and the other enclosing the La2O3 powder 
inside a well polished ring of Al2O3 in order to prevent gas phase transport and redeposition 
of the Lanthanum. 
 
Samples Q and R were placed on an La2NiO4+δ bed, we noticed the apparition of the same 
structures as previously noticed under normal air, with the only difference that smaller and 
fewer crystallites were noticed in comparison to samples G (figure 4.38.a). On the (001) 
surface, islands and holes were noticed with even the apparition of pure NiO particles (figure 
4.38.c).  
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a) b)
c) d)
 
Figure 4.38: surface SEM of samples Q (a-b) and R (c-d) displaying the side exposed to 
atmosphere (a-c) and the side lying on the bed (b-d). 
 
This was confirmed by EDXS (figure 4.33) where we can notice La free particles on the 
surface of sample R (areas 3 and 4).  
 
Figure 4.39:  EDXS result of surface in contact with the bed of samples Q and R, we can 
notice on the surface of sample R apparition of grains of pure NiO (Areas 3 and 4) 
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An overview of the surface of samples S and T is shown in figure 4.40, we can notice a larger 
amount of big crystallites on both surfaces of sample S (figure 4.40.a-b). On the contrary few 
square pits were noticed on sample T (figure 4.40.c) on the side exposed to air, it is to 
emphasize that La4Ni3O10-δ crystallites in the same orientation as the bulk are observed on the 
side with higher nickel activity (figure 4.40.d). A FIB lamella cut perpendicular to the surface 
of sample S which was in contact with the bed was prepared from which EDXS and SAED 
measurements were realized and revealed the main presence of La4Ni3O10-δ (figure 4.41 and 
4.42) 
a) b)
c) d)
 
Figure 4.40: surface SEM of samples S (a-b) and T (c-d) displaying the side exposed to the 
atmosphere (a-c) and the side with high nickel activity, lying on the bed (b-d). 
 
 
Figure 4.41: SAED pattern of a well defined La4Ni3O10-δ crystallite growing on a (100) 
lamella cut out of the surface side of sample S. 
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Figure 4.42: EDXS of a (100) lamella cut out of the surface side of sample S. 
 
SEM micrographs of samples U and V are displayed on figure 4.43. On the surface of sample 
U, no noticeable change is observed on the surface exposed to the atmosphere in comparison 
with sample G. The side of sample U in contact with the bed presents a little more crystallites. 
EDX (figure 4.44) and EDXS (figure 4.45) confirmed as well the presence of nickel-rich RP 
phases which is also confirmed by SAED (figure 4.46).  
On the surface of sample V exposed to the atmosphere we can notice Lanthanum-rich needles 
as confirmed by EDXS measurement (figure 4.43.c and 4.44.b). the side in contact with the 
bed present no modification of the surface. The present of Lanthanum-rich needles on the 
side without contact suggest that we might have had redeposition of lanthanum on the surface 
through gas phase transport. Furthermore, the absence of surface modification on the side of 
sample V in contact with La2O3 suggests that the modification on the (001) surface might be 
related to La-movement (by diffusion). This has to be verified through the next experiment 
where gas phase diffusion is hindered. 
 123 
a) b)
c) d)
 
Figure 4.43: surface SEM of samples U (a-b) and V (c-d) sample after 13 days at 1273K on a 
La2O3 bed in an N2/O2 atmosphere displaying the side exposed to air (a-c) and the side with 
high lanthanum activity lying on the bed (b-d). 
 
 
Spectrum 1 2 3 4 5 6 7 8 9 
(100) 1.98 2.14 2.07 2.12 1.63 1.80       
(001) 2.56 5.53 2.90 2.11 2.15 2.49 4.69 2.12 2.17 
 
Figure 4.44: a and b) EDX of the surface exposed to the atmosphere of samples U and V 
respectively with the consequent results of La/Ni ratios showing the presence of La3Ni2O7-δ 
and La4Ni3O10-δ on the surface of sample U as well as presence of a La-rich phase (probably 
Lanthanum oxide or hydroxide) on the surface of sample V 
 
 a) 
 b) 
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Figure 4.45: EDXS of a lamella cut in the [001] direction of the surface of sample U in 
contact with lanthanum oxide displaying Nickel-rich crystallites 
 
 
Figure 4.46: SAED pattern of the lamella studied in figure 4.44 (La3Ni2O7-δ [110]) 
 
SEM micrographs of the sample where the La2O3 powder was enclosed in an alumina ring 
are displayed on figure 4.47. On the surface of sample W, the change observed on the surface 
in contact with the atmosphere was similar to the other samples (with or without La2O3 bed). 
On the side in contact with the bed, a few more crystallites are present as shown on figure 
4.48.a; EDX confirmed the presence of nickel-rich RP phases. On the surface of sample X, we 
can notice a lower amount of pits, furthermore (figure 4.48.b) the areas in contact with the 
bed present less modification of the morphology of the surface than the rest. This supports the 
hypothesis that the needles observed on the surface exposed to the atmosphere of sample V 
are due to redeposition of a Lanthanum containing vapor. Furthermore the fact that Ni-rich 
phases formed in presence of a high Lanthanum activity refutes the hypothesis that the 
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nickel-rich RP-phases are formed through the redistribution of excess Nickel present in the 
as-grown crystal. 
a) b)
c) d)
 
Figure 4.47: surface SEM taken on a JEOL JSM7000F (Jeol Ltd., Tokyo, Japan) of the 
surfaces of sample W (a-b) and X (c-d) respectively displaying the side exposed to the 
atmosphere (a-c) and the side with high lanthanum activity lying on the bed (b-d). 
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Figure 4.48: a) EDX of the surface of samples W and X respectively with the consequent 
results of La/Ni ratios showing the presence of La3Ni2O7-δ and La4Ni3O10-δ on the surface of 
sample W as well as the presence of no La-rich phase on the surface of sample X.  
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4- Discussion: 
 
A morphological change of the surface of single crystal pieces was observed using 
microscopy techniques during the different experiments. This change is characterized by a 
phase change of La2NiO4+δ to Nickel-rich higher RP-phases. The driving force is related to 
the difference of surface energies between the (100) surface and the (001) surface [131] which 
may as well promote a higher difference between the formation energies of the n=2 and 3 RP-
phases on these two surfaces, in fact as shown during the “cube” experiment, the amount of 
crystallites growing on the (100) and (010) surfaces of a single crystal are more present close 
to a (001) surface which may signify that the crystallites form due to a movement of Nickel 
along the (ab) planes. The behavior of Lanthanum is still not fully understood as no 
deposition of La oxide or hydroxide was spotted. Lanthanum might evaporate or diffuse from 
the surface into the bulk. It is important to notice every crystallite is like a plate with the short 
direction in the [001] direction as would be expected from surface energies.  
 
On the (100) surface, along the (ab) planes, these Ni-rich phases produced through 
modification were identified to be La3Ni2O7-δ which forms small crystallites and La4Ni3O10-δ 
which forms bigger crystallites. These crystallites are growing in an orientation different 
from the bulk. We can therefore suggest the phase change to happen through change of the 
Rock/salt planes in the structure as the only difference between these different phases is the 
number of perovskite layers between two rock-salt layers in the c direction.  
 
On the (001) surface, we see square pits forming in the [001] direction and an enrichment of 
the new phase La4Ni3O10-δ at the side surfaces of the “pits”. The sides of these pits are 
oriented in the [100] and [010] directions. We further showed that these pits are growing 
inside the scratches left by polishing of the sample. 
 
Furthermore, stacking disorders in crystallites of La3Ni2O7-δ were identified to be one 
additional LaNiO3 perovskite layer which should be related to the transformation of  
La3Ni2O7-δ to La4Ni3O10-δ. This hypothesis is confirmed by the LaNiO3 missing layer in 
La4Ni3O10-δ as stacking disorder, which would imply that the transformation is not completed 
yet. These crystallites are as well as the pits growing inside the scratches left by polishing on 
the sample at the beginning and expanding to the all surface with time.  
 
 127 
The [001] axis of the crystallites growing on the (100) surface is also normally oriented 
perpendicular to the one of the bulk, a trial of determination of whether or not there is any 
preferential reorientation using geometric relationships between crystallites and bulk revealed 
a preferential 
2
π
⋅k  orientation of the [001] axis of the crystallites as shown when considering 
the [001] projection and a 
8
π
⋅k  of the a axis in the [100] projection as shown in Table 4.2. 
Figure 4.49 explains the definition of the 3 angles α, β and γ. Explanation of the calculation 
method as well as the SAED patterns of the considered crystallites is to be found in Annex B. 
These two relations have to be further investigated to determine at an atomic point of view 
the reorientation and growth mechanism. 
cbulk
bbulk
abulk
ccryst
bcryst
acryst
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γ
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(001)
(321)
c*bulk
b*bulk
a*bulk
b*cryst
a*cryst
c*cryst
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Figure 4.49: Basic concept used in order to determine the angles between the crystallographic 
axis of bulk La2NiO4+δ [001] and crystallite (for example La3Ni2O7-δ) [321] 
 
13 days air 26 days air 
100 001 100 001 
Crystallite 
number 
α β γ α β γ α β γ α β γ 
1 90 108 90 87 52 0.5 90 54 68 115 56 90 
2 78 28 77 46 46 90 45 83 80 81 25 89.5 
3 0 66.5 66.5 20 83 90 0 5 5 9 9 0 
4 90 63 77 57 110 90 27 69 38 83 46 90 
 
Table 4.2: Results of the reorientation calculations between bulk and crystallite for 4 
crystallites analyzed on the (100) as well as (001) lamellas cut from the (100) surface of 
samples G and L 
 
When the sample was in contact with a NiO bed, the amount and size of the crystallites 
increased on the (100) surface, which show that the growth of the crystallites is mainly due to 
Nickel transport, as it is the greatest gradient. On the La2O3 bed, the presence of Ni-rich 
crystallites on the (100) surface as well as no pits on the (001) surface, shows that the Nickel 
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rich phases are not due solely to a redistribution of an excess of nickel previously present into 
the single crystal (single crystal were grown using a nickel excess, but adjusted in such a way 
that there should be no remaining excess left after growth) and that the crystallites are not due 
to an equilibration process of the sample cation stoichiometry. According to the absence of 
modifications (no “pits”) on the (001) surface we can suggest that the pits form through a 
movement of the La atoms which is due either to evaporation of La-containing vapor or 
incorporation of an overstoichiometry on the La-site. We can furthermore consider that 
Nickel atoms are only moving along the (ab)-planes of both bulk and crystallites. 
 
A possible explanation of the morphology change is shown in figure 4.50.  
 
Figure 4.50: proposed mechanism of formation of the pits and crystallites in air 
 
As shown in figure 4.32, while studying the interface between a crystallite which displays 
low angle disorientation with the bulk, it is important to notice that the interface is formed 
through discontinuity of “LaO” layers. 
 
Unfortunately we performed a time dependant measurement of the (100) and (001) surfaces 
only during the experiments under CO2-containing atmosphere, but as CO2 has no effect, we 
can atone that the results should be the same under other atmospheres.  We can therefore try 
to understand the growth mechanism. For this purpose, we used the height contrast of SEM 
micrographs in order to try to determine the coverage of the surface by crystallites. The 
software ImageJ was used. We first inverted the image and then enhanced the contrast as 
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shown in figure 4.51, then using a threshold we selected only the crystallite filled area (dark 
area) and determine its area fraction. 
 
In figure 4.52, the coverage of crystallites and pits is presented. This suggests that the pits are 
growing mainly in depth after a certain amount of time, confirming the idea of a growth by 
enrichment of the near to pit region by nickel to La4Ni3O10-δ . When all the area between two 
pits is filled (75% of the area is La4Ni3O10-δ and 25% pits), the only way the pit can carry on 
growing is in depth. 
On the (100) surface, a linear trend of growth is observed and suggest that the volume of each 
crystallite is rising with time through a diffusion controlled process. 
 
Figure 4.51: Concept of the determination of contrast differentiation between bulk and 
modified zones from a SEM micrograph of the (100) surface after 10 days under CO2-
containing atmosphere 
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Figure 4.52: Diagram showing the evolution of the coverage of the surface by the “modified 
phase” for each direction using ImageJ on images taken at low magnification of the (100) 
and (001) surfaces during the experiment in CO2 containing atmosphere at 1273K 
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The change of the cell parameter with time was also determined by XRD using TREOR73 in 
the Fmmm space group for La2NiO4.14 over the experiment at 300K. No significant change of 
the cell parameters over time was found for the single crystal crushed powder, as well as for 
the Sol Gel prepared powder as shown in figure 4.53. 
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Figure 4.53: Evolution of the cell parameters at 1273K of sol-gel prepared powder (Sol Gel) 
as well as crushed single crystal (EK) extracted with TREOR73 showing no significant 
changes of the cell parameters with time 
 
In order to quantify the effect, it is necessary to determine the change of La and Ni at the end 
of the experiment; this was done using the following procedure on samples after 6, 13 and 26 
days at air. The main equations of the possible reactions are the following: 
 
I) 3 La2NiO4 + “Ni” +  O2   2 La3Ni2O7                
II) 2 La2NiO4       La3Ni2O7       +   “La”   +   ½   O2 
III) 2 La2NiO4 + “Ni” +  O2       La4Ni3O10 
IV) 3 La2NiO4             +  O2       La4Ni3O10     +  2 “La” 
 
“Ni” represent diffusing atom of nickel and “La” represents La-containing vapor or La atom 
diffusing in bulk material 
 
We consider a sample of 5 mm * 5 mm * 1 mm and consider δ=0 and only cation changes 
 
a,b axis 
c axis 
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V1 = Volume of La2NiO4 elementary cell 
V2 = Volume of La3Ni2O7 elementary cell 
V3 = Volume of La4Ni3O10 elementary cell 
Z = 4 (all phases are described in the Fmmm space group) 
 
The Volume of the sample is hlVtot ⋅=
2  
This is equivalent to
A
tot
tot
NV
ZV
n
⋅
⋅
=
1
, number of moles of 
La2NiO4, according to the formula, this is equal to the 
molar number of nickel and to half of the molar number of 
lanthanum. 
 
On the (001) surface, several pits having all the same 
average depth b were seen, this can be approximated as a 
continuum of holes (which is equivalent to a single hole 
of volume balVdepl ⋅⋅=
2  where a  is the coverage of the 
total surface by holes in percent determined from SEM 
image analysis. 
This number of moles of La2NiO4 depleted is 
A
away
depl
NV
ZV
n
⋅
⋅
=
1
 
 
The rest of the surface is considered to be enriched in Nickel and depleted in Lanthanum to 
form La4Ni3O10 which represents a volume balVenriched ⋅−⋅= )1(
2 . This hypothesis was 
made according to results obtained using HRTEM and HRSTEM measurements (figures 4.19 
and 20) and still has to be verified, it will give us a maximum amount of change. 
At t = 0, this volume is composed of 
A
enriched
NV
ZV
n
⋅
⋅
=
1
214  moles of La2NiO4, at time t we can 
consider that this volume totally turned to 
A
enriched
NV
ZV
n
⋅
⋅
=
3
4310  moles of La4Ni3O10  
We can then determined the mole change for each cation in this volume as 
( ) 21443103 nnaddednNi −⋅=  and ( ) 2144310 24 nnaddednLa ⋅−⋅=  respectively 
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The total amount of modification is therefore in the mole number of cation is:  
( ) ( )deplnaddednn NiNiNi −=)001(  and ( ) ( )deplnaddednn LaLaLa −=)001(  
By dividing this mole number by totn , we can determine the percentage of modification for 
the different cations. 
 
 
On the (100) surfaces, several crystallites form, 
some of them have the composition La3Ni2O7, 
the others La4Ni3O10. The average size of 
crystallites e  was determined on TEM images 
and the surface coverage of the crystallites d  is 
determined as previously using SEM image 
analysis. 
 
We remarked small crystallites to be La3Ni2O7 phase, whereas bigger ones are La4Ni3O10, 
therefore through averaging of the SEM images, we can choose an arbitrary parameter f  
representing the ratio of La4Ni3O10 crystallites.  
 
We can approximate the volume transformed into La3Ni2O7 as efdlV  )1(2327 ⋅−⋅⋅=  and 
subsequently efdlV ⋅⋅⋅= 24310 . The mole number of La3Ni2O7 and La4Ni3O10 in the are 
therefore respectively 
ANV
ZV
n
⋅
⋅
=
2
327
327  and 
ANV
ZV
n
⋅
⋅
=
3
4310
4310 . 
We can compare it with the amount of La2NiO4 which was previously present in both regions 
ANV
ZV
Vn
⋅
⋅
=
2
327
327214 )(  and 
ANV
ZV
Vn
⋅
⋅
=
2
4310
4310214 )( respectively and determine the total mole 
change in both cation contents as the sum of the differences in both volumes:  
( ) ( ))(4)(23)100( 43102144310327214327 VnnVnnnLa −⋅+⋅−⋅=  
( ) ( ))(3)(2)100( 43102144310327214327 VnnVnnnNi −⋅+−⋅=  
By dividing this mole number of each cation by totn  we can than determine the percentage of 
modification in the different cations contents. 
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In table 4.3 we can see that the changes in cations contents are lower than 0.05 % even after 
26 days, which is not detectable using any conventional method, like X-Ray diffraction. This 
calculation might be underestimated but the amount of change being rather small, we can’t 
exclude the fact that the effect seen on the surface might only be due to a redistribution of the 
cation overstoichiometry to the surface. Nickel-rich crystallites growing in contact with 
La2O3 is the only fact against it.  
 
As it has been shown on perovskite (for example in LaMnO3 [132]) it is not rare that a structure 
allows a cation solubility of up to 10%. Nevertheless, cation overstoichiometry on the B site 
of Ruddlesden-Popper phases has not been reported by any author up to now and is quite 
improbable as the n=2 phase will directly form when an excess of nickel is present. 
Furthermore, it is interesting to notice that the change of morphology on both surfaces needs 
departure of Lanthanum (negative sign) and incoming Nickel to form. This is in good 
agreement with the proposed mechanism. 
V1 = 0.38 nm² Variables 
V2 = 0.6 nm² ab suface bc surface 
V3 = 0.83 nm² a b d E f 
Na = 
6.022E+23 
Time 
coverage depth of holes coverage cryst size 
nb cryst 
4310/nb 
cryst tot 
 unity   nm   Nm   
 6 days 0.25 100 0.2 300 0.1 
 13 days 0.25 200 0.45 500 0.3 
 26 days 0.25* 400* 0.75 1000 0.7 
 
      6 days 13 days 26 days 
n La (001) mol - 1.63ä10-8 - 3.26ä10-8 - 6.53ä10-8 
n Ni (001) mol 1.32ä10-9 2.63ä10-9 5.26ä10-9 
La tot (001) % - 1.87ä10-3 - 3.73ä10-3 - 7.47ä10-3 
ab surface 
(001) 
Ni tot (001) % 3.01ä10-4 6. ä10-4 1.20ä10-3 
n La (100) mol - 4.11ä10-9 - 1.19ä10-8 - 4.85ä10-8 
n Ni (100) mol 1.07ä10-8 2.94ä10-8 1.12ä10-7 
La tot (100) % - 4.70ä10-4 - 1.36ä10-3 - 5.55ä10-3 
bc surface 
(100) 
Ni tot (100) % 2.44ä10-3 6.72ä10-3 2.56ä10-2 
  total La % - 2.34ä10-3 - 5.09ä10-3 - 1.30ä10-2 
  total Ni % 2.74ä10-3 7.32ä10-3 2.68ä10-2 
 
Table 4.3: parameters used and results of calculation of the amount of modification after 6, 
13 and 26 days at 1273K under normal air. Parameters a, b, d, e, f are estimations based on 
observations of microscopy images and therefore no absolute values. * are extrapolated 
values through linear regression. 
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Figure 4.54.a displays a proposed atomic mechanism concerning the growth of La4Ni3O10-δ 
on the (001) surface from irregularities (grooves due to the roughness of the surface). We can 
see that the departure of Lanthanum from the rock-salt layers doesn’t require the movement 
of a large number of atoms and is therefore a favorable process. On the contrary, the NiO6 
octahedrons are strongly bonded as a chain with one another. It is to notice in figure 4.54.b 
that the change from La2NiO4+δ to La4Ni3O10-δ requires that 2 rock salt layers move away out 
of 6. Furthermore the distorted region can be as small as 1-2 unit cells. 
 
 
Figure 4.54: a) Evaporation from a small groove in a (001) La2NiO4+δ single crystal surface 
b) presents the necessary structural change in the c direction to transform La2NiO4+δ into 
La4Ni3O10-δ.  
b) 
a) 
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Chapter V: 
Anisotropy of oxygen diffusion in 
La2NiO4 single crystals 
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1- Investigation of oxygen diffusion using TOF-SIMS: 
 
Diffusion is a process involving transport of matter from a region of a system to another by 
successive random motions. Exchange reactions involve chemical components being 
exchanged between phases, so compositions change of both phases, but no phases disappear 
and no new phases are produced. Therefore incorporation and release of atoms and vacancies 
into a bulk material from the gas phase followed by transport of atoms and vacancies in the 
bulk driven by a concentration gradient, can be characterized as an exchange process 
followed by diffusion.  
 
It is possible to follow the incorporation of oxygen using 18O as a tracer. 18O is incorporated 
through gas phase exchange between a sample rich in 16O and an 18O enriched gas using the 
apparatus designed and explained in chapter III of this thesis. 
 
Every sample were equilibrated under the same pressure (1 bar absolute) in 16O2 6.0 
atmosphere. After fast exchange of the gas phase from 16O2 to 
18O2 the samples (one single 
crystal piece for each (100) and (001) surfaces) is exchanged for the time of diffusion. When 
reaching the diffusion time, the sample in quenched by free drop into a bucket full of liquid 
Nitrogen and therefore instantly cooled down. 
 
Two different samples, from which one has polished surfaces with (001) crystallographic 
directions and the second in the (100) are exchanged in the same ampoule for the same time 
in order to be able to compare directly diffusion in both directions. These samples where 
subsequently prepared for Line scan and depth profiling measurements using a ToF-SIMS IV 
(ION-TOF GmbH, Münster, Germany) [133]. The SIMS measurements were performed with a 
Ga+ beam of 25 keV for analysis and 2 keV Cs+ for sputtering.  
 
For Line scan SIMS investigation, the samples were prepared as shown in figure 5.1. 
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Sample
1
Reference
polished
surface
2
Polish the
cross-section
3 4
 
Figure 5.1: Preparation of samples for SIMS Line Scan investigation. Different cross sections 
of the sample with parallel polished surface are cut using a wire saw as shown on the 2nd 
figure (blue lines).  The samples pieces are then glued together in manner to have the central 
cross-section surface (light blue area) on the same side of the newly formed sample as well as 
the original surface (orange area) in the centre. The new sample is then polished and its 
surface subsequently analyzed using the SIMS (thunderbolt). 
 
As diffusion perpendicular to the (ab)-planes is several orders of magnitude slower than 
along the (ab)-planes, diffusion along the c-direction had to be investigated using a 
supplementary depth profiling due to the short diffusion profile. Strong anisotropy of 
diffusion leads to several problems during analysis of data which will be discussed in a 
further paragraph. 
 
When a sample equilibrated in 16O2 gas is put in an 
18O2 enriched gas, the 
16O isotope flux 
leaving the sample equals the 18O isotope flux going into the sample when neglecting the 
influence of 17O. This means the total oxygen concentration is constant. The oxygen 
incorporation can be described as a first-order reaction, and the flux of incorporation is 
described as: )(* sgasinc cckJ −⋅=                   (5.1) 
where cgas is the 
18O concentration of the gas used for the diffusion annealing, cs, the surface 
concentration and k* is the surface exchange coefficient.  
This flux is equal to the diffusional flux of 18O into the bulk of the sample at x = 0: 
0
)(
*
=






∂
∂
⋅−=
x
diff
x
xc
DJ                    (5.2) 
where D* is the diffusion coefficient of oxygen inside the sample.  
Considering one dimensional diffusion in an isotropic medium with x = 0 the coordinate of 
the surface and x < 0 outside of the sample, to calculate the expected 18O diffusion profile, we 
have to solve the following diffusion equation: 
²
),(²
*
),(
*
),(),(
x
txC
D
x
txC
D
xx
txj
t
txC
∂
∂
⋅=





∂
∂
⋅−
∂
∂
−=
∂
∂
−=
∂
∂
           (5.3) 
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with respect to the following boundary condition: 
0
)(
*)(*
=






∂
∂
⋅−=−⋅
x
sgas
x
xc
Dcck  (5.4) 
As the total oxygen amount is constant (no change of δ), it is possible to convert the 
measured intensity signals into 18O atomic fractions as:
[ ]
[ ] [ ]OO
O
xc
1618
18
)(*
+
=          (5.5) 
where c* can be considered as the tracer concentration, [18O] and [16O] represents 
respectively the sum of the intensities of 18O containing species and 16O containing 
fragments.  
Furthermore, as pure 16O2 or ambient air contains a certain amount of 
18O-containing species, 
the natural fraction of 18O deep in the bulk is equal to the normal isotopic abundance which is 
slightly superior to 0,002. The concentration measured should be therefore corrected by cbg 
representing the background concentration of 18O. Considering the following initial 
conditions: bgctxc == )0,(*  and bgctxc =>∞≥ )0,(*  the analytical solution of the diffusion 
problem is given by Crank [3]: 
 
( )






⋅+
⋅
⋅⋅⋅+⋅−






⋅
=
−
−
= tDh
tD
x
erfctDhxh
tD
x
erfc
cc
cxc
c
bggas
bg
r *
*2
*exp
*2
)(*
* 2   (5.6) 
where h = k*/D* and t the time of diffusion annealing. 
 
Diffusion annealing where realized at the following temperatures for times estimated using 
equation (5.6) and previously published values of D*O in polycrystalline La2NiO4+δ 
[96] in 
order to obtain a profile in the (100) direction of approximately 250 µm which is the ideal 
length of a profile for analysis using the SIMS line-scan method [133]. 
 
Temperature (K) 673 K 773 K 873 K 
Diffusion time (s) 8000 1800 812 
Table 5.1: diffusion annealing times and temperatures 
 
During a line scan, a concentration image is taken, as shown on figure 5.2 and a profile is 
extracted along the image. The resulting concentration profile is corrected by the background 
concentration which is optimized by making an average of the points of the concentration 
profile where difftDx ⋅> *3  which should have C*(x) = Cbg. 
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Figure 5.2: Concentration images taken on a line of a sample with surface (100) exchanged 
for 1800s at 773 K (raster 250*250 µm²). 
 
For each sample a supplementary depth profiling was carried out in order to determine the 
real surface concentration.  
 
1.1 Diffusion from samples with (100) surface: 
 
Profiles obtained from line scans fitted using the aforementioned equation (5.6) are shown in 
figure 5.3 for the 3 different temperatures. 
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Exchange time 8000 s
 
D* = 5.3 ± 0.5 x 10
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D* = 1.19 ± 0.18 x 10
-8
 cm²/s
k*= 1.78 ± 0.10 x 10
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Figure 5.3: SIMS line scan profiles measured at 673, 773 and 873 K for sample with (100) 
surfaces with the best fit according to equation (5.6). 
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In the following table are summarized the different values obtained for D*ab and k*ab for the 
3 different temperature with the respective standard errors. 
The mismatch of fit at the beginning of the profile ng052b is due to difficulty of determining 
the real beginning of profile as well as a roughness of the surface. Curves with best fit are to 
be found in Annex C. 
Temperature (K) D*ab (cm²/s) k*ab (cm/s) 
5.7 ± 0.5 × 10-9 3.62 ± 0.50 × 10-10 
673 
5.3 ± 0.5 × 10-9 3.58 ± 0.50 × 10-10 
1.18 ± 0.10 × 10-8 2.00 ± 0.06 × 10-8 
1.23 ± 0.17 × 10-8 2.11 ± 0.11 × 10-8 
1.19 ± 0.18 × 10-8 1.78 ± 0.10 × 10-8 
773 
1.18 ± 0.12 × 10-8 2.16 ± 0.08 × 10-8 
3.57 ± 0.32 × 10-8 1.12 ± 0.32 × 10-7 
873 
3.84 ± 0.72 × 10-8 1.09 ± 0.62 × 10-7 
 
Table 5.2: Values of D*ab and k*ab extracted from the different fits of the line scan 
measurements using equation (5.6) 
 
The Arrhenius plot of both D*ab and k*ab gives us the activation energies as well as pre-
exponential factors.  
 A (cm²/s) Ea (eV) 
D*ab 1,7 ± 1,9 × 10-5 0,47 ± 0,07 
k*ab 56 ± 27 1,48 ± 0,14 
 
Table 5.3: Pre-exponential factors as well as activation energies extracted from Arrhenius 
plots for both D*ab and k*ab. 
 
These values of activation energy as well as pre-exponential factor are in good agreement 
with data measured previously on polycrystalline samples, as shown on the following figure 
where our data are compared with the most relevant literature published on oxygen diffusion 
up to present.  
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Figure 5.4: Results of D*ab and k*ab compared with previously available literature on single 
crystalline as well as polycrystalline measurements. 
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1.2- Diffusion from samples with (001) surface using the line scan method: 
 
Two measurements using the Line Scan method (named c) were carried out at 773 K and are 
shown on figure 5.5 as well as one of the profile obtained from a (100) surface (named ab), it 
is very noticeable that diffusion is very anisotropic and several orders of magnitude lower 
perpendicular to the layered structure. 
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Figure 5.5: comparison of diffusion concentration profiles of the samples annealed in 18O2 for 
1800 s at 773 K in (100) and (001) directions. 
 
These profiles can be fitted to equation (5.6) and values of D*c and k*c can be extracted. It is 
to notice that as the profile is very short the value of D*c and k*c are only maximal values due 
to the poor lateral resolution of the SIMS (several µm). As the profile is only a few microns 
long, the profile observed is only 7-8 microns which corresponds to around 30 points, the real 
concentration might be a lot lower and the profile shorter than measured. 
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Figure 5.6: concentration profiles of the sample annealed in 18O2 for 1800 s at 773K 
 
Experience  name D*c (cm²/s) k*c (cm/s) 
ng044i 4,1± 0,2 × 10-11 1,5± 0,2 × 10-9 
ng044ii 2,5± 0,2 × 10-11 1,3± 0,2 × 10-9 
 
Table 5.4: Values of D*c and k*c obtained using equation (5.6) 
 
This analysis is neglecting the misorientation angle of the normal to the surface to the real 
[001] direction of the sample. The misorientation angle θ was measured by Laue-
Backscattering and is equal to 2,2 ± 0,2°. We can determine the part of the effective diffusion 
coefficient measured coming from the fast diffusion along the (ab)-planes as laid out in 
II.1.4.5 of this thesis to be sin²θ * D// = 1,8 ± 0,3 * 10-11 cm²/s. This is in the same order of 
magnitude as the measured diffusion coefficient. As will be demonstrated in the next 
paragraph, this profile is only due to fast diffusion along the (ab)-planes.  
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1.3) Determination of diffusion coefficient in the c-direction from depth profiling 
measurements: 
 
Samples with surface approximately parallel to the (001) plane exchanged for the previously 
mentioned annealing time were analyzed using SIMS depth profiling. In this method it is 
important to measure accurately the depth of the crater at the end of the experiment in order 
to determine the sputtering rate (depth/s) and therefore convert the time dependant measured 
data to depth dependant data. 
The samples exchanged for 8000 s at 673 K and 812 s at 873 K were analyzed using Laue 
Back scattering and the misorientation angles are respectively 4,2 ± 0,2° and 1,1 ± 0,2°. 
Figure 5.7 and figure 5.9 displays the result of the two SIMS measurements.  
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Figure 5.7: Results obtained for a sample in the c-direction after 8000 s diffusion using the 
SIMS depth profiling method 
 
At 673K it is to notice that the profile displays a rather high slowly decreasing concentration 
all over the profile. No significant concentration profile can be noticed, which would mean 
that no measurable diffusion is taking place in the c-crystallographic direction at 673K. This 
tailing concentration can be due either to dislocation pipe diffusion or to anisotropy. 
 
 146 
i) Dislocation-pipe model: 
 
We can consider bulk diffusion to be negligible therefore we are in Harrison Type C kinetics. 
In this regime, the dislocation diffusion coefficient can be extracted from a plot of ln C*r 
against x² according to the following formula developed by Harrison and al. [134] 
tDx
C
dtail
r
⋅⋅
−=





∂
∂
4
1ln
2
*
                  (5.7) 
This gives Dd = 2.8×10
-11 cm²/s.  
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Figure 5.8: Plot of ln C*r against x² 
 
 ii) Anisotropic diffusion: 
 
We could as well consider this tail as being described by the fast diffusion along the (ab) 
planes due to the misorientation of the sample surface. We can fit this tail using equation 
(5.6) and get an effective diffusion coefficient out of it. This diffusion coefficient is equal to 
3.29×10-11 cm²/s which is equal to //²sin D⋅θ  when θ = 4,4°. This angle is the same as what 
was measured experimentally. We can here as well conclude that no measurable diffusion is 
taking place in the c-crystallographic direction. 
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The 873K profile seems to be divided in 2 overlapping parts as can be seen on figure 5.9.  
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Figure 5.9: profile obtained with best fit according to equation (5.6) of the short distance part 
showing the tailing of the profile at high depth. 
 
 i) Dislocation-pipe model: 
 
The profile can be as well analyzed through the conventional dislocation-pipe diffusion 
model. The two parts of the profile can be related to Harrison type B mechanism. According 
to Le Claire and Rabinovitch [135], the tail of the profile should be linear when plotting ln C*r 
against x as displayed in figure 5.10 
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Figure 5.10: Plot ln C*r against x 
873K (n 52)
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Considering the analysis of Yurimoto and al. [136], we need as well to consider the grain 
boundary model exposed by Le Claire [137], the tail of the profile should be linear when 
plotting ln C*r against x
6/5 as displayed in figure 5.11. 
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Figure 5.11: Plot ln C*r against x
6/5 
 
The analysis after [136] can be done as follows: 
1) from the first part of the profile we extract the lattice diffusion parameter  
Dl = 1.28×10
-16 m²/s 
2) from the plot ln C*r against x we can extract 
16
*
1004178,1
ln −×−=
∂
∂
m
x
C r  as well as 
the intersect to the ordinate 045,0int =><
dC  
3) from the plot ln C*r against x
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5/6
*
1028981,1
ln −×−=
∂
∂
m
x
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as the intersect to the ordinate 045,0int =><
bgC  
4) According to the grain-boundary model developed by Suzuoka [138] we can determine 
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where 
tDD
D
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⋅⋅⋅
⋅
=
2
δ
β  if Dgb/Dl >> 1, by iteration we find β = 8 and subsequently      
δ⋅Dgb = 6.65×10-22 m³/s 
The sub-grain size b can be determined m the following equation: 
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which is in our case equal to 31,7 µm 
5) Setting up a value of a (the radius of the dislocation-pipe) we calculate α which is 
equal to : 
tD
a
l ⋅
=α  and with this value of a as well as the ratio ∆ = Dd/Dl, we can 
determine ab which is equal to ∆⋅α² and determine a²⋅Dd as: 
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where A(α) is a term tabulated by Le Claire and Rabinovitch [135] 
A relationship between the two model exists which can let us determine L the distance 
between two pipes of dislocations as 
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using b, L and dC int><  we can determine a new value of a as: 
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6) Using the new value of a we calculate again α, a²⋅Dd, A(α), L and evaluate a new a and 
so on. 
7) We can extract the following values: 
∆ ≈ 5×107 
a < 1×10-10 m 
L = 12,7 µm 
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a²⋅Dd = 2,7×10
-29 m4/s  
from these values we can extract the dislocation density d which is equal to : 
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/m²              (5.13) 
A value of a in the order of magnitude of 1 Å is physically non-sense and therefore this is 
rather improbable that the tail is due to dislocation-pipe diffusion. Furthermore, in the several 
TEM measurements we carried out, we never found dislocations parallel to the c-
crystallographic axis, all of them were excess or missing perovskite layer in the c-direction. 
 
ii) Anisotropic diffusion: 
 
We could as well consider this tail as being described by the fast diffusion along the (ab) 
planes due to the misorientation of the sample surface. We can fit this tail using equation 
(5.6) and get an effective diffusion coefficient out of it. This diffusion coefficient is equal to 
1,92×10-11 cm²/s which is equal to //²sin D⋅θ  when θ =1,3°. This angle is the same as what 
was measured experimentally. We can here as well conclude that no measurable diffusion is 
taking place in the c-crystallographic direction. 
The determination of the real diffusion coefficient in the c direction cannot be done from 
the first part of the profile considering Deff = θθ ²cos²sin// ⊥+ DD  as Carslaw and Jaeger 
[139] 
suggested. Simulations as described in II.1.4.5 have been realized and up to now we did not 
manage to reproduce the experimental data. 
  
Determination of the k*c value extracted from these measurements can be done using the tail 
region of each profile and gives the following values: 
k⊥= k*c (673 K) = 1,4 ± 0,4*10
-10  cm/s 
k⊥= k*c (773 K) = 1,4 ± 0,4*10
-9 cm/s 
k⊥= k*c (873 K) = 4,8 ± 0,5*10
-9 cm/s 
The k⊥= k*c values are larger than in the (ab) direction, which is agreement we what we 
observed on figure 5.5 (surface concentration of the c sample higher than of the (ab) sample). 
The resulting activation energy and pre-exponential factor are 0,88±0,06 eV and 5,8±2,4×10-4 
cm/s respectively. 
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2- Another way to study diffusion: oxygen release from enriched powder: 
 
The reaction between a gas and a solid can be described as successive steps of incorporation 
and release. Depending on the direction of the chemical gradient of a specie, it will be either 
incorporated or released. 
In the first part of this chapter we studied incorporation into solid single crystalline samples 
from the gas phase. In the following part we will discuss experiments made in order to study 
the release of 18O in a 16O atmosphere from pulverized single crystalline powder previously 
enriched in an 18O2 atmosphere using the apparatus described in chapter III. 
 
2.1- Temperature ramp experiment:  
 
Approximately 200 mg of sintered powder of La2NiO4+δ (sintered using the Sol Gel method 
described elsewhere) was put in a quartz ampoule filled with 18O2 (97% enrichment, Campro) 
at room temperature to a pressure of 0,8 bars abs. and sealed (Sample φ). A reference sample 
was also prepared using the same method under a 16O2 atmosphere with the same pressure 
(Sample χ). The two ampoules were then heated in a furnace up to 1473K at a rate of 80 K/h, 
kept for an hour and finally cooled down at 10 K/h. A third sample was prepared as sample 
without heat treatment and will be considered representing adsorption effect (Sample ψ). 
 
The treated sample was then analyzed with DTA (Setaram Labsys, Setaram, Caluire, France) 
under a 16O2 flow and at the same time the exhausted gases were analyzed with a Gas Phase 
Mass Spectrometer (Balzers Thermostar, Pfeiffer Vacuum AG, Zürich, Switzerland). Signals 
from every mass m/Z from 30 to 40 were recorded every 3 seconds in bar graph mode using 
Channeltron detectors. The sample was heated under flowing 16O2 at 10 K/h (pO2 = 1 atm, 22 
mL.min-1). The measurements were performed between Room temperature and 1173K with 
heating rates of 10K/h (subscript 1) and 30K/h (subscript 2) at the University of Rennes 1 
(Rennes, France). 
 
The following figures (figure 5.12, 5.13 and 5.14) display the raw results of 3 measurements 
performed on samples φ2, χ2 and ψ2.  
 
 152 
0 100 200 300 400 500 600 700 800 900
8.0x10
-9
1.0x10
-8
1.2x10
-8
1.4x10
-8
1.6x10
-8
1.8x10
-8
2.0x10
-8
 
 
 
 
 32 
16
O
0 100 200 300 400 500 600 700 800 900
1.0x10
-11
1.1x10
-11
1.2x10
-11
1.3x10
-11
1.4x10
-11
1.5x10
-11
1.6x10
-11
1.7x10
-11
1.8x10
-11
1.9x10
-11
2.0x10
-11
 
 
 
 33 
16
O
T (°C)
T (°C) T (°C)
T (°C)
0 100 200 300 400 500 600 700 800 900
3.0x10
-11
4.0x10
-11
5.0x10
-11
6.0x10
-11
7.0x10
-11
8.0x10
-11
9.0x10
-11
1.0x10
-10
 
 
 
 34 
16
O
In
te
ns
it
y
In
te
ns
it
y
In
te
ns
it
y
In
te
ns
it
y
0 100 200 300 400 500 600 700 800 900
2.0x10
-13
3.0x10
-13
4.0x10
-13
5.0x10
-13
6.0x10
-13
7.0x10
-13
8.0x10
-13
9.0x10
-13
1.0x10
-12
  
36 
18
O
2
 
Figure 5.12: Raw MS signals obtained for 44,2 mg of sample χ2 for masses m/Z = 32, 33, 34 
and 36. 
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Figure 5.13: Raw MS signals obtained for 63,1 mg of sample φ2 for masses m/Z = 32, 33, 34 
and 36. 
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Figure 5.14: Raw MS signals obtained for 48 mg of sample ψ2 for masses m/Z = 32, 40, 34 
and 36. 
 
No significant change of the m/Z=34 and 36 signals is observed for the 16O-
equilibrated sample χ, contrary to the 18O-exchanged sample φ where an increase of the 
intensity of the 18O containing signals is observed between 573 and 973 K. Results obtained 
for the 18O-adsorbed sample ψ confirm that the “peaks” observed for the sample φ are not due 
to adsorption, as the only relevant change observed appears bellow 473K where nothing is 
observed in case of sample φ. The data we obtained on the 18O-exchanged sample φ revealed 
that different kinetics of oxygen release are taking place during the experiment. It is as well 
important to remark that the signal for m/Z=36 finishes already around 773 K whereas a 
significant intensity is measured on the 34 signal up to 973 K. This is related to the fact that 
in order to form an 18O2
+ ion, one 18O has to meet another one, this has more probability to 
happen at low temperatures when more 18O atoms are available. 
 
DTA as well as DSC measurements were as well carried out on both samples φ2 and 
χ2, the results are shown on figure 5.15. 
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Figure 5.15: DTA and DSC signals collected on the 16O-equilibrated sample χ2 and the 
18O-
exchanged sample φ2 reported to 100mg of product for easy comparison 
 
According to the DTA signal on the 16O-equilibrated sample φ we can remark a slow 
rather constant decrease of the heat flow for 400 < T < 800K and remain rather constant 
afterwards. The DSC signal shows a smooth decrease of mass from 400K which is getting 
steeper around 800K. The 18O-exchanged DSC measurement decreases rather constantly 
from 600 to 1000 K. We can remark four different regions in the DTA signal: from 400K up 
to 500K we can notice a first very steep decrease which might be associated with departure of 
adsorbed 18O; up to 800K we have a smoother decrease which might be due to the departure 
of interstitial oxygen responsible of a change of δ; a plateau is then observed up to 1000K, at 
the end the signal as exactly the same behavior as the equilibrated measurement which means 
that no more 18O is present in the sample. 
 
The powder φ2 was as well measured using X-Ray diffraction on a Bruker D8 Advance 
(Bruker AXS GmbH, Karlsruhe, Germany) in the Bragg-Brentano reflection geometry; with 
a Braun PSD detector and NaI scintillator with CuKα1Kα2 radiations before and after TGA-
MS measurement. The measurement revealed that the sample was not pure La2NiO4+δ but 
rather a mixture of La2NiO4+δ, La3Ni2O7-δ and La4Ni3O10-δ as well as some lanthanum 
oxycarbonates as shown of figure 5.16. 
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Figure 5.16: X-Ray diffraction pattern obtained for the Sol Gel prepared sample 
before and after the DTA experiment on sample φ2. Gray points represent La2NiO4+δ, × stand 
for lanthanum oxycarbonates and black spots are La3Ni2O7-δ and La4Ni3O10-δ. 
 
From the m/Z = 34 signal as shown on figure 5.17. Gaussian equation (corresponding 
to a 2nd order kinetic of reactive desorption) was chosen in order to deconvolute 4 peaks 
according to the analysis of Rakic and al. over TPD [140]. 
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Figure 5.17: DTA signal as well as MS measured signal obtained for m/Z = 34 for φ2 
showing that the signal can be seen as a convolution of 4 peaks. 
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We can notice that the 2 first peaks are related to an important change of mass, 
whereas the two others appear in a region where the mass is approximately constant. The two 
first peaks might be related to the change of non-stoichiometry of La2NiO4+δ. On the contrary 
the two last broad peaks might be related either to oxygen exchange with lattice oxygen of 
La2NiO4+δ directly or to a change of stoichiometry through diffusion in the impurity phases 
(La3Ni2O7-δ and La4Ni3O10-δ). Comparison of results obtained for 2 different heating rates (10 
and 30 K/h), show a increase in the deconvolution of the different peaks as well as a lowering 
of the temperature range where the peaks are observed when slowing down the measurement 
as shown on figure 5.18. 
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Figure 5.18: Deconvolution of the m/Z= 34 peak for 2 different heating rates (φ1 and φ2). 
Peaks 1 and 2 represent 70% of the total amount. 
 
On the m/Z = 36 signal (shown on figure 5.19), only one or two peaks can be 
identified. The absence of other peaks could be related to a lowering of the probability of 
association of 2 18O atoms as the total amount of 18O remaining in the sample is decreasing. 
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Figure 5.19: DTA signal as well as MS measured signal obtained for m/Z = 36 for φ2 
 
This study demonstrates that in principle 18O/16O exchange in temperature ramp experiment 
yields information about the exchange kinetics of oxygen diffusion in solid state materials. 
Furthermore, it might even be possible to differentiate the different oxygen release 
mechanisms.  
 
A second series of experiments were done using GPMS. These measurements were 
done using 2 different mass Spectrometers. Around 500 mg of powdered single crystal was 
exchanged in a closed apparatus as described in III.5.1. The exchange rate was determined to 
be 85% by the mean of weighing the mass difference before and after exchange.  We can 
therefore declare that every oxygen (apical, interstitial and equatorial) are mobile at 1173K. 
In these conditions, the powder didn’t change during experiment as measured by XRD 
(shown in figure 5.20). 
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Figure 5.20: XRD diffractogram showing no change of the pure La2NiO4+δ single crystal 
powder before as well and after DTA-MS measurement 
 
This exchanged powder was then enclosed in the apparatus described in III.5.4 and analysis 
of the gas phase by means of a quadrupole mass spectrometer was realized under the 
following conditions:  
 
Experiment was realized using a heating ramp of 10 K/h and a 16O2 gas flow of 1 mL/min on 
approximately 50 mg of crushed single crystal from which the grain size was measured by 
SEM to be below 200µm. Signals were registered for the m/Z reported in Table 5.5 
corresponding to the different isotopic species of Oxygen, Nitrogen, Argon and Hydrogen. 
The m/Z = 36 signal being composed of both 36Ar and 18O2, it is necessary to substrate the 
contribution coming from 36Ar from the total 36 intensity. This is done by multiplying the 
signal obtained for m/Z = 40 by a factor f which can be determined as the average of 
)40(
)36(
I
I
for the first data points at room temperature as we estimate 18O2 in the gas phase to be 
equal to the background concentration which is corrected in each result as previously done 
for the SIMS experiment.  
 
The signals for nitrogen, hydrogen and carbon dioxide are measured in order to control the 
absence of leakage and the sealing of the experimental setup. Another important control is the 
control of the reliability of the different isotopic ratios all along the experiment (Annex D). 
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m/Z 2 14 16 17 18 20 28 29 
ion 1H2
+ 14N2
2+ 
14N+ 
16O2
2+ 
16O+ 
17O 2
2+ 
17O+ 
18O 2
2+ 
1H2
16O+ 
40Ar2+ 14N2
+ 14N15N+ 
m/Z 32 33 34 35 36 40 44  
ion 16O 2
+ 16O 
17O+ 17O 2
+ 
16O18O+ 
17O 
18O+ 18O 2
+ 
36Ar+ 
40Ar+ 12C16O2
+  
 
Table 5.5: fragments corresponding to the measured m/Z 
 
The measurements using the Balzers Thermostar spectrometer were not reproducible due to a 
strong change of the background intensity between the different measurements as well as 
along the measurement. Therefore a new Mass Spectrometer (HPR20 HAL VII, Hiden 
Analytical, Kochel am See, Germany) equipped with a residual Gas Analyzer (RGA) 
including Faraday-cup detectors was tested and delivered reproducible results. The result for 
m/Z=34 and 36 can been respectively seen on figures 5.21 and 5.22. 
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Figure 5.21: Intensity of the m/Z = 34 signal (18O16O & 17O2) as a function of temperature 
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Figure 5.22: Corrected intensity coming from 18O2 released as a function of temperature 
 
We can notice on the m/Z = 34 signal a shallow increase between 573 and 673 K which may 
be related to interstitially diffusing oxygen and a second peak from 673 to 800 K which might 
be associated with the release of the 18O atoms sitting on lattice sites through an interstitialcy 
mechanism. 
 
On the m/Z = 36 corrected signal, the same strong increase is observed between 573 and 
673K and a very sharp second peak is observed between 673 and 750 K which may be linked 
respectively to interstitial and lattice oxygen.  
As for the previous experiments, the peak observed on the 18O2 signal is extinguishing before 
the 18O16O peak due to a lowering of the total amount of available 18O for association.  
Another hypothesis would be attributing the first peak to diffusion in the (ab) plane (coupling 
interstitial-apical oxygen) and the second peak to slow diffusion in the c direction.  
 
This qualitative result is in good agreement with the previous analysis and atomistic 
simulations using Molecular Dynamics as well as DFT calculations. Further work has to be 
done on modeling to make it quantitative. 
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According to this experiment we can say that the 2 first peaks in the previous experiment are 
coming from La2NiO4+δ and the 2 later ones are due to impurities.  
 
The following plot displays the evolution of the isotopic ratio f18O2 defined as follows 
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Figure 5.23: Isotopic ratio as a function of temperature 
 
We can see that the highest concentration of oxygen in the gas phase corresponds to a 
concentration of slightly more than 2% and is released at a temperature of 723 K. The part 
between 600 and 723 K where we seem to see two different slopes will be further analyzed 
by the mean of isothermal measurements.  
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2.2- Isothermal measurement of oxygen release: 
 
At low temperature, a small amount of powdered single crystal was enclosed in the same 
apparatus and using the protocol described earlier in this thesis III.5.5, cycles of 
measurement of oxygen release at 623, 673, 723 and 773 K were realized. The respective 
times of annealing in an 18O2 atmosphere were 14, 7, 6 and 5 days. As the particle size of the 
sample is around 200 µm which is a lot less than the Lc, this experiment is therefore totally 
controlled by the surface exchange. The results are shown on figure 5.24. 
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Figure 5.24: Time resolved evolution of the isotopic ratio corrected by the background 
concentration for 623, 673, 723 and 773 K. 
 
The first peak observed in every measurements is attributed to the purge of the gas phase and 
the peak value is equal to the amount of 18O2 remaining in the gas phase after diffusion in the 
sample. For temperature of 673K to 773K, this value is equal to 0,70 and on the contrary, for 
623K with diffusion 0,81 and without diffusion 0,94 which is roughly equal to the amount of 
18O in the gas bottle. This peak can be modeled and subtracted from the total measurement to 
get the solely response of the bulk material as shown on figure 5.25. 
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Figure 5.25: Bulk response at each temperature 
 
Except at 623K, where the “peak” attributed to the bulk responses starts after 4 hours, we can 
notice the presence of 2 “peaks” which may be as previously stated respectively attributed to 
diffusion in the (ab) plane (coupling interstitial-apical oxygen) and to slow diffusion in the c 
direction. 
 
Modeling of the response in order to extract diffusion coefficients is in progress and will be 
realized in the near future and compared to diffusion coefficients obtained using the SIMS 
tracer method. 
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3- HT XRD on crushed single crystal under ambient atmosphere: 
 
A sample of well ground single crystal powder was analyzed using in-situ high temperature 
XRD on a PANalytical X-Pert Pro diffractometer (PANalytical B.V., Almelo, The 
Netherlands) equipped with a platinum furnace with resistance heating elements. The 
diffractometer was equipped with a Cu-tube (40kv, 40mA) followed by a Ni-filter and a 
primary fixed divergence slit of 1/8°. Soller slits of 0,04 radian were used on primary and 
secondary sides. Detection was realized using an X’Celerator detector. Step sizes in all 
measurements were 0.008° and the counting time was 50s per step. Several measurements 
were carried out at temperatures ranging from RT to 923K; at each temperature; a series of 
measurements was realized until the same peak positions were observed for at least 3 
consecutive runs. 2 successive heating-cooling cycles were carried out in air. 
 
The cell parameters were determined using the Fullprof® software and the Le Bail profile 
fitting method. The temperature dependence of the lattice parameters are as follows: 
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Figure 5.26: evolution of the a crystallographic parameter during the two cycles extracted by 
Le Bail profile fitting using Fullprof®. Error bars are in the order of magnitude of the 
symbols. 
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Figure 5.27: evolution of the c crystallographic parameter during the two cycles extracted by 
Le Bail profile fitting using Fullprof®. Error bars are in the order of magnitude of symbols. 
 
An important conclusion can be extracted from the first heating-cooling cycle where we see a 
sharp decrease of the increase of the a parameter as well as a strong increase of the c 
parameter between 523 and 573 K. This can be related to the start of oxygen diffusion in the 
lattice. We can as well say that the incorporation of oxygen is mainly accommodated by an 
increase of the c parameter. This can be accompanied by a relaxation of the octahedron layers 
in the (ab) plane related to a tilt of the octahedrons to allow the incorporation of interstitial 
oxygen as was reported in previous studies of samples displaying a very high 
overstoichiometry[36-37, 74]. This result is in good agreement with the starting temperature of 
the peak of oxygen release observed during the temperature experiment on highly 18O 
exchanged single crystal powder followed by GPMS as shown in paragraph V.2.2 of this 
thesis. 
The next plot displays the experimental points coming only from the equilibrated part of the 
measurement (without the results at temperatures < 600 K for the first heating cycle where 
the as grown sample was not yet in equilibrium with the atmosphere and therefore having a 
lower oxygen content) is shown on figure 5.28. 
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Figure 5.28: reversible part of the evolution of the a and c cell parameters in space group 
I4/mmm under air showing the lowering of expansion due to oxygen release after 620 K. 
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First of all, this result shows that oxygen incorporation and release from the interstitial lattice 
(change of δ) is reversible in La2NiO4+δ single crystalline samples, this is in contradiction 
with previous results published on Sol Gel powder [140]. This difference is mainly related with 
the fact that sol gel prepared La2NiO4+δ polycrystalline powder may still contain residuals of 
organic compounds and is very reactive. We can as well remark a kink in both lattice 
parameters around 620 K. The slope of the c lattice parameter is divided by two at this 
temperature. The effect on the a axis is rather small in comparison. Around this temperature, 
Amow and al. [75] reported an increase of the expansion coefficient from 13,1*10-6 K-1 below 
548 K to 13,8×10-6 K-1, this is going in the opposite direction of the decrease of slope 
observed for the c parameter, this change is related to a constant decrease of δ, i.e. a 
diminution of the amount of oxygen atoms in the interstitial lattice. We can therefore attribute 
this increase of slope in the TEC curve to the chemical expansion due to oxygen release from 
the interstitial sites. This tell us as well that the decrease of mass observed in previous TGA 
measurements above 600 K is due to a linear decrease of the amount of interstitial oxygen 
with temperature. In order to confirm the hypothesis that the difference between the first 
heating cycle and the rest of the experiment is due to oxygen interstitials diffusion further 
experiments under different pO2 will be realized in a near future. 
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4- Discussion: 
 
D//=D*ab k//=k*ab 
Author 
A (cm²/s) Ea (eV) A (cm²/s) Ea (eV) 
Bassat poly[96] 2.8 ± 1.5 × 10-4 0.71 ± 0.05 4.0 ± 2.1 × 10-4 0.43 ± 0.05 
Bassat ab[96] 2.9 ± 2.0 × 10-4 0.67 ± 0.07 0.03 ± 0.16 0.82 ± 0.44 
Kilner poly [95] 3.3 ± 1.8 × 10-5 0.59 ± 0.05 0.57 ± 0.09 1.25 ± 0.02 
Burriel thin film ab [100] 8.2 ± 10.0 × 10-8 0.3 ± 0.1 8.2 ± 5.3 × 10-3 0.67 ± 0.05 
Chroneos MD [93] 2.8 ± 2.9 × 10-6 0.42 ± 0.12   
Bouwmeester PIE [97]   24 ± 5 1.44 ± 0.02 
SC ab this work 1.7 ± 1.9 × 10-5 0.47 ± 0.07 56 ± 27 1.48 ± 0.14 
 
Table 5.6: comparison of the values of A and Ea along the (ab) plane for this work with 
several relevant literature sources (poly = polycrystalline, ab = single crystal in the [100] 
direction, MD = molecular Dynamics, PIE = pulsed isotopic exchange) 
 
For diffusion in the (ab) fast diffusion path, the activation energy and pre-exponential factor 
of the diffusion coefficient are in good agreement with literature results measured by SIMS 
by Kilner and al. [95] as well as with calculated values recently published by Chroneos and al. 
[93]. It is to notice that values of diffusion coefficients in single crystals in the (ab) direction, 
previously measured by Bassat and al. are of the same order of magnitude as our work and 
slightly higher than data obtained for polycrystalline samples. The activation energy is in 
good agreement with DFT as well as MD simulations (0,3-0,9 eV according to Minervini and 
al.[90] and more recently 0,51 eV by Chroneos and al.[93]). 
 
For surface diffusion coefficient, our values are in good agreement with the most recent 
measurement using an Isotopic Pulsed method by Bouwmeester and al. [97] and activation 
energy is higher than previous data measured on single crystal samples by Bassat and al. [96] 
as well as on thin film [100]. 
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Figure 5.29: critical length Lc along the (ab) planes as a function of temperature 
 
We can remark a variation of 
ab
ab
k
D
Lc
*
*=  from 14 cm (673K) to 1 mm (873K). We shall 
be therefore at lower temperatures in a regime where surface diffusion is predominant. It is 
not worthy however that even for the condition 
100
1=
Lc
L  at 673K an accurate 
determination of both D* and k* was possible (figure 5.3) where L is the length of the sample 
(in our case 1 mm).  
 
We did not get up to now a numerical value for diffusion in the c-direction but estimate it 
from the depth measurement to be around 5 orders of magnitude lower than in the (ab)-
direction at 873K. This difference might be drastically enhanced with lowering temperature 
as no measurable diffusion in the c-direction was observed at 673K. This is in good 
agreement with activation energy of 3.5eV [90]. Previous values of D*c obtained from 
measurements of both diffusion coefficients from a single crystalline sample in both 
directions by Bassat and al. [96] are way to high compared to our values as they neglected the 
surface misorientation and fast diffusion path effect on diffusion measurement. Data obtained 
on thin films by Burriel and al. [100] are in the same order of magnitude as our results at 873K 
as thin film method should be able to avoid the misorientation effect through epitaxial 
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growth, but the thinness of the film may lead to a totally surface controlled process making it 
difficult to get an accurate value of the surface exchange coefficient. 
 
On the contrary, a value of k*c = k^ was obtained and the activation energy and pre-
exponential factor are 0,88 ± 0,06 eV and 5,8 ± 2,4×10-4 cm/s respectively, this activation 
energy is lower than in the (ab)-direction. This suggests that we might have the same k* on 
both surface at low temperatures. 
 
We pointed out the very strong effect of a small misorientation angle of the surface to the 
ideal (001) plane when diffusion coefficients in the different directions of interest are several 
orders of magnitude different from another. 
 
When a material is strongly anisotropic, a mixed term over both space directions is appearing 
in the diffusion equation which cannot be neglected as being nearly equal to the effective 
coefficient defined by Carslaw and Jaeger [139].  
 
In order to definitely outlaw the dislocation pipe hypothesis further measurements have to be 
done. As Le Claire and Rabinovitch [135] found out, the slope of the tail in case of dislocation 
pipe-diffusion is independent of time therefore a measurement on the same sample (same 
misorientation) after two different diffusing times might give us a final response whether or 
not the tail is due to dislocation-pipe diffusion. The values obtained for the measurement at 
873K being physical non-sense, our hypothesis that this tail is solely due to the fast diffusion 
along the (ab) planes tilted by the small angle θ  has to be verified using further 
measurements and simulations in the near future. 
 
According to the HT XRD measurement as well as oxygen release experiments, we can 
furthermore say that release and incorporation of oxygen is reversible. Using these two 
methods we showed that oxygen diffusion in La2NiO4+δ is taking place already at rather low 
temperature (around 550K). Around 620K during the XRD measurement we observed a 
change of behavior which might be related to a significant change of the amount of interstitial 
species which are accommodated in the structure by a stretch of the c lattice parameter. No 
real effect was seen for the a lattice parameter. The increase of thermal expansion observed 
by Amow and al. [75] at 583K was shown to be related to chemical expansion due to the 
release of interstitial oxygen. 
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Being able to obtain a sample with 85% of 18O shown that at 1173K every atom (interstitial, 
apical and equatorial oxygen) is mobile and diffusing. During the oxygen release 
experiments, we remarked a change of behavior around 700K, this might be related to a 
change in the diffusion mechanism from interstitial to interstitialcy mechanism where lattice 
oxygen are involved. No release of oxygen with a lower kinetic was observed at high 
temperature, which might mean that diffusion of lattice oxygen has to go through an 
interstitialcy mechanism. 
 
Using isothermal oxygen release experiments, we shown that two kinetically different 
diffusion processes are taking place at low temperatures this might prove that the different 
oxygen species possesses different diffusion kinetics. At 623K a higher concentration of 18O2 
was observed in the gas phase and only one release peak was observed. We can therefore 
think that, at this rather low temperature, during the equilibration, only interstitials and/or 
apical-interstitials exchanged. 
 
We spotted out the importance of controlling isotopic ratios of impurities for reliability all 
along the experiment. According to our experimental data we can estimate that oxygen 
diffusion in La2NiO4+δ starts to have a significant measurable value at a temperature of 550K. 
This might be related to motion of interstitials and/or apical oxygen as the c lattice 
parameters did change a lot during the first heating cycle of the HTXRD measurement series 
under air. Kinetic of release increases significantly at around 700K due to the movement of 
lattice oxygen through an interstitialcy mechanism. 
 
We finally enlightened the strong effect induced by a small angle misorientation of the 
reference surface on the measured value of the smallest diffusion coefficient in very 
anisotropic materials. This effect is remarkable when a difference of several orders of 
magnitude is present between the diffusion coefficients into the different major directions of 
diffusion. This effect cannot be avoided in experimental measurements as the surface of a 
real sample will never be perfect at an atomic level. There will always be atomic sites where 
the diffusing species will have access to the fast diffusion pass. 
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Chapter VI:  
Conclusion 
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In the theoretical part, we considered two defect models for La2NiO4 (whether 
interstitials are one time or two time negatively charged) and found that at low pO2, as we 
have just a few interstitials, if even present, the charge of these interstitials does not affect 
the other defect concentrations at all. A range of pO2 where δ=0 would suggest only 
''
IO
O  
to be present whereas considering
'
IO
O , δ=0 will only be for a specific pO2. This has to be 
verified experimentally. A more complicated behavior is observed at high pO2 where 
both oxygen interstitial species may be present. We noticed that the major difference is 
that presence of 
'
IO
O  interstitial ions will lead to a leveling of both oxygen and cation 
vacancies. Therefore we can suggest that there is a high probability to have only ''
IO
O  as 
interstitials for low δ, suggesting that 
'
IO
O  interstitial species might appear only for high 
values of δ. 
 
We considered as well the effect of a small misorientation angle of the surface of a 
sample when measuring the slowest diffusion component of the diffusion tensor in 
anisotropic media and spotted out the appearance of a mixed second derivative over the 
two space dimensions 
xz
tzxC
∂∂
∂ ),,(²
 which becomes more and more important when 
anisotropy rises. Some first simulations were made using the finite difference method but 
did not reproduce, until present time the experimental shape of profile exactly. 
 
In the experimental part, powder samples were successfully prepared using both Solid 
State and Sol-Gel method. Pure single crystals possessing high crystallinity and purity as 
well as no apparent twinning were prepared by floating zone growth. The necessary 
oxygen excess in order to compensate NiO evaporation during growth was quantified to 
be equal to 1%. Oriented slices in both [001] and [100] directions were successfully 
prepared by orientation using Laue Backscattering and IPDS. By polishing and grinding 
using SiC papers and diamond water-free alcoholic suspensions we successfully prepared 
surfaces with a satisfactory surface roughness of 20 nm. Effect of water and air on 
surface morphology at room temperature was discussed.  
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Design of a new isotopic exchange apparatus allowing quenching was successfully 
achieved. The necessity of quenching the sample was proven by means of TGA 
measurement series of ∆δ at several heating and cooling rates. A cooling at a 
rate>100K/h is necessary to have ∆δ<1%.We successfully exchanged crushed single 
crystal powder to more than 85% 
18
O suggesting that every atoms (interstitial, apical and 
equatorial oxygen) are mobile and diffusing at 1173K. We designed an apparatus for the 
study of 
18
O diffusional release from 
18
O pre-annealed powders.  
 
A morphological change of the surface of single crystal pieces was observed using 
microscopy techniques after long term annealing at temperatures ≥ 1273K under different 
atmospheres. This change is characterized by a phase change of La2NiO4+δ to higher 
Ruddlesden-Popper phases with n=2 and 3. The driving force is related to the difference 
of surface energies between the (100) surface and the (001) surface which may as well 
promote a higher difference between the formation energies of the different RP-phases on 
these two surfaces. The amount of crystallites growing on the (100) and (010) surfaces of 
a single crystal are more present close to a (001) surface which may signify that the 
crystallites form due to a movement of Nickel along the (ab) planes.  A departure of both 
Lanthanum and Nickel is required to form these phases on both surfaces. The interface is 
formed through discontinuity of “LaO” layers 
. 
On the (001) surface, we see square pits forming in the [001] direction and an enrichment 
of the side surface of this pit in La4Ni3O10-δ. The sides of these pits are along the [100] 
and [010] directions. A further study showed that these pits are growing inside the 
scratches left by polishing of the sample and only in depth after a certain amount of time 
(when they covered 25% of the surface), which confirm the idea of a growth by 
enrichment of the near to pit region by nickel to “transform” La2NiO4+δ in La4Ni3O10-δ. 
When all the area between two pits is filled, the only way the pit can carry on growing is 
in depth. 
 
On the (100) surface, along the (ab) planes, Ni-rich phases produced through 
modification were identified to be La3Ni2O7-δ for small crystallites and La4Ni3O10-δ for 
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bigger crystallites. These crystallites are growing with a preferential 
2
π
⋅k  orientation of 
the c axis of the crystallites as shown when considering the [001] projection and a 
8
π
⋅k  
of the a axis in the [100] projection. We can therefore suggest that the phase change 
happens through a change of the “LaO” planes in the structure. A linear trend of volume 
growth of the crystallites is observed and suggests a diffusion controlled growth. 
 
Furthermore, stacking disorders in crystallite of La3Ni2O7-δ were identified to be one 
additional LaNiO3 perovskite layer which should be related to the transformation of 
La3Ni2O7-δ to La4Ni3O10-δ. This hypothesis is confirmed by the stacking disorder beign a 
missing LaNiO3 layer in La4Ni3O10-δ.  
 
When the sample was in contact with NiO, the amount and size of the crystallites 
increased on the (100) surface, which suggests that the growth of the crystallites is 
mainly due to Nickel movement. On the (001) surface, the same morphology is observed 
on the side exposed to air and islands of La4Ni3O10-δ are forming in contact with the bed. 
 
In contact with La2O3, the presence of Ni-rich crystallites on the (100) surface as well as 
no pits on the (001) surface, shows that the Nickel rich phases are not due solely to a 
redistribution of an excess of nickel previously present into the single crystal (from the 
crystal growth) and that the crystallites are not due to an equilibration process of the 
sample cation stoichiometry. This suggests that pits, form through evaporation of La-
containing vapor or incorporation of an overstoichiometry on the La-site which is more 
likely than on the nickel site.  We can consider that Nickel atoms are only moving along 
the (ab)-planes. Up to now no Lanthanum containing species residuals were observed 
experimentally and a tentative quantification of the change revealed that the change in 
cation stoichiometry is rather small, this did not exclude the fact that this modification 
might only be due to nickel excess redistribution. 
 
In the last chapter of this thesis we studied the anisotropy of oxygen diffusion using 
isotopic exchange methods. We successfully measured diffusion coefficients along the 
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(ab)-planes and surface exchange coefficients in the range 673-873 K by means of SIMS. 
The activation energy and pre-exponential factor are in good agreement with literature 
results as well as with calculated values. It is to notice that values of diffusion 
coefficients in single crystals in the ab direction, previously measured by Bassat and al. 
are of the same order of magnitude as our work and slightly higher than data obtained for 
polycrystalline samples. 
  
We did not get up to now a numerical value for diffusion in the c-direction but estimate it 
from the depth measurements to be around 5 orders of magnitude lower than in the (ab)-
direction at 873K. This difference might be drastically enhanced with lowering 
temperature as no measurable diffusion in the c-direction was observed at 673K. This is 
in good agreement with activation energy of 3.5eV obtained by molecular dynamics. 
Previous values of D*c obtained from measurements of both diffusion coefficients from a 
single crystalline sample in both directions are way to high compared to our values as 
they neglected the surface misorientation and fast diffusion path effect on diffusion 
measurement. Data obtained on thin films are in the same order of magnitude as our 
results at 873K as thin film method should be able to avoid the misorientation effect 
through epitaxial growth, but the thinness of the film may lead to a totally surface 
controlled process making it difficult to get an accurate value of the surface exchange 
coefficient.  
 
This misorientation effect cannot be avoided in experimental measurements as the 
surface of a real sample will never be perfect at an atomic level. There will always be 
atomic sites where the diffusing species will have access to the fast diffusion pass. 
 
Values of surface exchange coefficient where obtained successfully in the c direction and 
are at least 2 orders of magnitude lower than in the (ab) plane. The activation energy 
obtained is lower than in the (ab)-direction which suggests that we might have the same 
surface exchange on both surface at low temperatures.  
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In order to definitely rule out the dislocation-pipe hypothesis further measurements have 
to be done, as the slope of the tail in case of dislocation pipe-diffusion is independent of 
time. A measurement on the same sample (same misorientation) after two different 
diffusing times will be realized in the near future and give us a final response whether or 
not the tail is due to dislocation-pipe diffusion. The values obtained for the measurement 
at 873K being physical non-sense, our hypothesis that this tail is solely due to the fast 
diffusion along the (ab) planes tilted by the small angle θ  has to be verified using further 
measurements and simulations in the near future. 
 
According to the HTXRD measurement we performed as well as oxygen release 
experiments, we can affirm that release and incorporation of oxygen is reversible. Using 
these two methods we showed that oxygen diffusion in La2NiO4+δ is taking place already 
at rather low temperature (around 550K). Around 620K during the XRD measurement a 
change of behavior of the evolution of the c lattice parameters was observed. This might 
be related to a significant change of the amount of interstitial species which are 
accommodated in the structure by a stretch of the c lattice parameter.  
The increase of thermal expansion observed by other authors
 
at 583K
 
was shown to be 
related to chemical expansion due to the release of interstitial oxygen. During the oxygen 
release experiments, we remarked a change of behavior around 700K, which might be 
related to a change in the diffusion mechanism from interstitial to interstitialcy 
mechanism where lattice oxygen are involved. This has to be verified by means of a site 
specific diffusion experiment which might be realized using solid state MAS NMR. No 
release of oxygen with a lower kinetic was observed at high temperature, which might 
mean that diffusion of lattice oxygen has to go through an interstitialcy mechanism. 
 
Using isothermal oxygen release experiments, we shown that two kinetically different 
diffusion processes are taking place at low temperatures this might prove that lattice and 
interstitial oxygen exhibits different diffusion kinetics. At 623K a higher concentration of 
18
O2 was observed in the gas phase and only one release peak was observed. We can 
therefore think that, at this rather low temperature, during the equilibration, only 
interstitials and/or apical oxygen exchanged. 
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According to our experimental data we can estimate that oxygen diffusion in La2NiO4+δ 
starts to have a significant measurable value at a temperature of 550K. This might be 
related to motion of interstitials and/or apical oxygen as the c lattice parameters did 
change a lot during the first heating cycle of the HTXRD measurement series under air. 
Kinetics of release increases significantly at around 700K due to the movement of lattice 
oxygen through an interstitialcy mechanism. In order to verify this hypothesis, further 
HTXRD and in-situ isothermal measurements will be realized at different pO2 using a 
newly designed chamber in the following months. 
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 Annex A: Defect modeling of La2NiO4+δ for high non-stoichiometry 
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Electroneutrality: 
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Site balance: 
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[ ] [ ] [ ] 1=++ ••••• XICICIC VNiLa         (A13) 
[ ] [ ] 2' =+ XIOIO VO          (A14) 
 
We have to consider 2 limiting cases: 
- low pO2 : EN  [ ] [ ]••= ONi VNi 2'    δ<0 
- high pO2 : EN  [ ] [ ]•= NiIO NiO '    δ>0 
We can consider for both regimes that [ ] 2≈XLaLa , [ ] 1≈XICV  and [ ] 4≈XOO  
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Regime 2: high pO2 [ ] [ ]•= NiIO NiO '  
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[ ] [ ]•= NiIO NiO '  is therefore solution of the second order equation: 
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[ ]CV  can be extracted using A2 and A27: 
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Model II: 
Equations to be considered: A1-A7, A10-A13 as well as the three following equations: 
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We have to consider 3 limiting cases: 
- low pO2 : EN  [ ] [ ]••= ONi VNi 2'    δ<0 
- middle range pO2 : EN  [ ] [ ]••= OIO VO ''  (same as for the simple model) δ≈0 
- high pO2 : EN  [ ] [ ]•= NiIO NiO ''2    δ>0 
We can consider for all 3 regimes that [ ] 2≈XLaLa , [ ] 1≈XICV  and [ ] 4≈XOO  
  
Regime 1: low pO2: [ ] [ ]••= ONi VNi 2'  
All defect concentrations except [ ]''IOO  are the same as for [ ]'IOO  and can be expressed through 
equations A16 - A20 and A23 - A27 
replacing in A8’, we obtain 
[ ] [ ]( )[ ]
[ ]( ) [ ]( )
( ) 21
''2
22
''
2 2
221
2
21
−
••
••
••
−⋅⋅−








⋅
⋅−
⋅
= O
IOO
O
O
IO
OI p
OV
V
KdV
O
K   (A31) 
 this gives : [ ] [ ] ( )
[ ]( ) [ ] ( ) 211222
2
12
1''
2
2
421
8
OOIOO
OOOI
IO
pKVVKd
pVK
O
⋅⋅⋅+⋅−⋅
⋅⋅⋅
=
••••
••
   (A32) 
 
Regime 3: high pO2: [ ] [ ]•= NiIO NiO ''2  
A11 can be rewritten : [ ] [ ] [ ]''211 IONiXNi ONiNi −=−= •  
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IOO is therefore solution of the following equation:  
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 Annex B: Relative orientations of the reciprocal axes between crystallite 
and bulk 
 
After scaling the SAED patterns of the crystallite and bulk material, we superposed them. 
After attribution of Miller indices to each spot, we determined the orientation of the 
projection of the reciprocal axes on the plane of study. Luckily, in each diffraction pattern we 
were able to identify at least one of the reciprocal axes in the diffracted plane. The other two 
axes are in the plane perpendicular to this direction (p).  
The orthorhombicity was neglected (a = b) and the following values of cell parameters were 
used : La3Ni2O7-δ (a = b = 0.54 nm, c = 2.05 nm) and La4Ni3O10-δ (a = b = 0.54 nm, c = 2.80 
nm). As we have α0 = β0 = γ0 in orthorhombic system, the out-of-plane angles (u and v) were 
determined using right triangles with sides equal to h/a, k/b or l/c depending on the plane we 
were interested in. Angles (w and x) between the projection of the axes in (p) and axes of the 
bulk were read graphically on the superposed patterns. The angles **
bc
Oaa=α , **
bc
Obb=β  and 
**
bc
Occ=γ  where then determined graphically by drawing the pattern of a tri-rectangular 
tetrahedron and finding the researched angle using identity properties of the tetrahedron..  
In the following : 
 
a* axis bulk
b* axis bulk
c* axis bulk
a* axis crystallite
b* axis crystallite
c* axis crystallite
 
 
 
 
 
 
 
 
 
 
 
 13 days (001) lamella 
 
Crystallite 1: 
 
Crystallite 2: 
 
 Crystallite 3: 
 
Crystallite 4: 
 
 13 days (100) lamella: 
Crystallite 1: 
 
Crystallite 2: 
 
 Crystallite 3: 
 
Crystallite 4: 
 
 26 days (001) lamella: 
Crystallite 1: 
 
Crystallite 2: 
 
 Crystallite 3: 
 
Crystallite 4: 
 
 26 days (100) lamella: 
Crystallite 1: 
 
Crystallite 2: 
 
 Crystallite 3: 
 
Crystallite 4: 
 
 Annex C: Other SIMS measurements 
 
2nd measurement 673 K: 
 
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
0.00000
0.00005
0.00010
0.00015
0.00020
0.00025
0.00030
0.00035
0.00040
0.00045
0.00050
 
 
673K (100) (ng049)
Exchange time 8000 s
 
D* = 5.7 ± 0.2 x 10
-9
 cm²/s
k* = 3.58 ± 0.50 x 10
-10
 cm/s
Goodness of fit
χ² = 3.6865 x 10
-10
R² = 0.97779
C
* r
x (cm)
Measurements at 773 K: 
0.000 0.005 0.010 0.015 0.020 0.025 0.030
0.000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.010
 
 
773K (100) (ng043) 
exchange time of 1800 s
 
D* = 1.18 ± 0.10 x 10
-8
 cm²/s
k*= 2.00 ± 0.06 x 10
-8
 cm/s
 
Goodness of fit
χ² = 7.6894 x 10
-9
R² = 0.99838
C
* r
x (cm)
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0.000
0.001
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0.004
0.005
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0.007
0.008
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773K (100) (ng045) 
exchange time of 1800 s
 
D* = 1.23 ± 0.17 x 10
-8
 cm²/s
k*= 2.11 ± 0.11 x 10
-8
 cm/s
 
Goodness of fit
χ² = 7.8634 x 10
-9
R² = 0.99562
 
 
C
* r
x (cm)
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0.002
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0.005
0.006
0.007
0.008
0.009
0.010
 
 
773K (100) (ng047) 
exchange time of 1800 s
 
D* = 1.17 ± 0.12 x 10
-8
 cm²/s
k*= 2.15 ± 0.08 x 10
-8
 cm/s
 
Goodness of fit
χ² =2.8294 x 10
-9
R² = 0.99743
C
* r
x (cm)
 
 
 2nd measurement at 873K: 
0.000 0.005 0.010 0.015 0.020 0.025
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873K (100) (ng050)
Exchange time 812 s
 
D* = 3.57 ± 0.32 x 10
-8
 cm²/s
k* = 1.12 ± 0.32 x 10
-7
 cm/s
Goodness of fit
χ² = 1.6638 x 10
-8
R² = 0.99813
C
* r
x (cm)
 
 Annex D: Isotopic ratios evolution during the release measurement 
 
Mean values 
Ratio Balzers Thermostar MS Hiden Natural isotopic ratio 
28/32 1.7610-4 3.6610-4 210-6     * 
40/32 5.2110-6 8.0810-6 210-6     * 
44/32 3.1910-5 3.5610-5 110-7     * 
2/32 5.5810-3 4.7310-3 510-7     * 
33/32 7.8310-4 8.4710-4 110-3     ** 
34/32 5.2510-3 6.8510-3 410-3     ** 
16/32 5.6410-2 5.2710-2 1110-2   ** 
18/32 6.2410-4 6.4110-4 610-4     ** 
36/32 1.3710-4 3.6710-4 310-4     ** 
20/40 19.5 8.81 16    ** 
24/28 1.3310-2 1.0010-2 110-2     ** 
14/28 2.9310-2 2.9410-2 510-2     ** 
 
* composition of the 16O2 6.0 used 
**Natural isotopic composition in air after Webelements 
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Isotopic ratios Argon and Nitrogen species Balzers Thermostar 
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 Summary 
La2NiO4+δ was first studied due to its structural similarities with the High Temperature superconductor 
La2CuO4+δ and more recently due to its promise as a cathode material in Solid Oxide Fuel Cells as well as an 
oxygen exchange membrane. It crystallizes in the K2NiF4 layered structure and accommodates highly mobile 
oxygen at its ground state and is therefore overstoichiometric. 
During this thesis, pure single crystals of La2NiO4+δ were successfully grown using the floating-zone method, 
subsequently characterized using neutron and Laue Backscattering diffraction and oriented pieces of single 
crystal  with [100] and [001] orientation were prepared.  
The surface morphology behavior after long term exposure to high temperature in different atmospheres was 
observed using microscopy techniques because stability at high temperature is required for application purposes 
and it was discovered a structural change to nickel-rich phases at T>1173K. 
The sensibilitivity of the oxygen non-stoichiometry to cooling was studied and subsequently a new 18O-16O 
exchange apparatus allowing quenching of the samples using liquid nitrogen was developed. Oxygen self-
diffusion was studied using SIMS in the range 673-873K in both [100] and [001] crystallographic directions. 
The effect of the disorientation of the sample surface on the determination of the slowest diffusion coefficient 
was discovered and revealed the very strong anisotropy (> 5 orders of magnitude difference) between the 
different diffusion paths. Finally using HTXRD and oxygen release experiments, it was shown that oxygen 
diffusion from interstitial oxygen starts to be relevant at 550-600K and a change of behavior is observed around 
700K, corresponding to a possible change in the diffusion mechanism from interstitial to intersitialcy. 
Zusammenfassung 
La2NiO4+δ wurde erstens wegen seiner strukturellen Ähnlichkeiten mit dem Hochtemperatur-Supraleiter 
La2CuO4+δ untersucht und zweitens als vielversprechendes Material für Kathoden in Brennstoffzellen und 
Sauerstoff-Austausch-Membranen. Es kristallisiert in der Schichtstruktur K2NiF4 und enthält höchst mobile 
Sauerstoff-Ionen in seinem Grundzustand und ist daher überstöchiometrisch. 
Während dieser Arbeit wurden erfolgreich reine Einkristalle von La2NiO4+δ mit der Floating-Zone-Methode 
gezüchtet, mit Neutronenbeugung und Laue-Rückstreuung charakterisiert und orientierte Einkristalle in die 
[100] und [001] Orientierungen vorbereitet.  
Das Oberflächenmorphologie-Verhalten wurde bei hohen Temperaturen nach langer Auslagerungszeit in 
verschiedenen Atmosphären mit Mikroskopie-Techniken untersucht, da Hochtemperatur-Stabilität für 
Anwendungen erforderlich ist, und eine strukturelle Veränderung zu Nickel-reichen Phasen bei T > 1173K 
entdeckt. 
Die Sensibilität der Stöchiometrie-Abweichung bei Kühlung wurde untersucht, und eine neue 18O-16O 
Austauchanlage entwickelt, die Quenchen der Proben mit flüssigem Stickstoff ermöglicht. Mit dieser Anlage 
wurde Sauerstoff-Selbstdiffusion mit SIMS im Bereich 673-873K in beiden [100] und [001] 
kristallographischen Richtungen untersucht. Die Wirkung der Desorientierung der Probenoberfläche auf die 
Bestimmung der kleinsten Diffusionskoeffizienten wurde entdeckt und die sehr starke Anisotropie (über 5 
Größenordnungen Differenz) zwischen den verschiedenen Diffusionswegen gezeigt. Schließlich wurde durch 
HTXRD und Sauerstoff-Freisetzungsversuche gezeigt, dass Sauerstoff bei 550-600K zunächst interstitiell 
diffundiert und sich das Verhalten um 700K verändert, wobei Interstitialcy ein möglicher 
Diffusionsmechanismus sein könnte. 
Résumé 
La2NiO4+δ a d'abord été étudiée en raison de ses similitudes structurales avec le supraconducteurs à haute 
température La2CuO4+δ et plus récemment comme matériau prometteur pour cathodes dans les piles à 
combustible à oxyde solide ainsi qu’en tant que membrane d'échange d'oxygène. Il cristallise dans le type 
structural en couches K2NiF4 et contient des oxygène en site interstitiel très mobiles dans son état fondamental 
et est ainsi surstoichiométrique. 
Au cours de cette thèse,  la croissance de pures monocristaux de La2NiO4+δ à l’aide de la méthode du four à 
image, ils ont été caractérisés par diffraction de neutrons et la méthode de Laue en retour et des morceaux 
orientés de monocristal dans les directions cristallographiques [100] et [001] ont été préparés. 
La morphologie de la surface à haute température a été étudiée à l’aide de recuits dans des atmosphères 
différentes en utilisant différentes techniques de microscopie, la stabilité à haute température étant un paramètre 
nécessaire en vue d'applications et une modification structurelle vers des phases riches en nickel à T> 1273K fut 
découverte. 
 La sensibilité de la non-stœchiométrie au refroidissement a été étudiée un nouvel appareil d’échange isotopique 
18O-16O permettant la trempe des échantillons avec de l'azote liquide fut développé. Grâce à cet appareil, l'auto-
diffusion d’oxygène par SIMS dans la gamme 673-873K dans les deux directions cristallographiques a été 
réalisée. Les effets de la désorientation de la surface de l'échantillon sur la détermination du plus petit 
coefficient de diffusion ont été reportes et ont révélé la très forte anisotropie (> 5 ordres de grandeur de 
différence) entre les différents chemins de diffusion. Enfin utilisant HTXRD et des expériences de libération 
d'oxygène, démonstration fut faite que la diffusion de l'oxygène interstitiel commence à être pertinente à 550-
600K et un changement de comportement est observé autour de 700K, où le mécanisme de diffusion peut 
changer d'interstitiel à interstitialcy. 
